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The cover picture shows a caterpillar of the cotton leaf worm Spodoptera littoralis feed-
ing on a leaf of the lima bean (Phaseolus lunatus). Microelectrode studies showed that
the larval gut milieu is strongly alkaline (pH =~ 8.5-10.0) in the fore- and midgut, de-
scending to pH 7.0 in the hindgut. Due to the alkaline milieu in the for- and midgut, the
lactone ring of bacterial autoinducers such as N-acylhomoserinelactones (AHLs) is rapid-
ly opened. Further degradation to the inactive components homoserine and the acyl
moiety (short-to-medium-chain fatty acids and their 3-oxo or 3-hydroxy derivatives) is
then achieved by a microbial N-acylamino acid hydrolase (AAH) and/or related enzy-
matic activities in the insect gut. The alkaline milieu in combination with the enzymatic
degradation might account for the complete absence of AHLs in the intestinal fluid of
the studied Spodoptera spp. For more details see the article by W. Boland et al. on

p. 1953 ff.
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Biochemistry of PUFA Double Bond Isomerases Producing

Conjugated Linoleic Acid

Alena Liavonchanka and Ivo Feussner*®

The biotransformation of linoleic acid (LA) into conjugated linole-
ic acid (CLA) by microorganisms is a potentially useful industrial
process. In most cases, however, the identities of proteins in-
volved and the details of enzymatic activity regulation are far
from clear. Here we summarize available data on the reaction
mechanisms of CLA-producing enzymes characterized until now,
from Butyrivibrio fibrisolvens, Lactobacillus acidophilus, Ptilota
filicina, and Propionibacterium acnes. A general feature of enzy-
matic LA isomerization is the protein-assisted abstraction of an

Introduction

Dietary PUFAs are potent growth inhibitors of ruminal bacte-
ria.? In addition, linoleic acid (LA, 18:2A%'%; x:yA? denotes a
fatty acid with x carbons and y double bonds in position z
counting from the carboxyl end) was demonstrated to inhibit
the frequency of conjugation in Gram-negative bacteria.”’ Bac-
terial species of the gut microflora thus have access to a pro-
tective metabolic cascade known as biohydrogenation, which
eliminates double bonds in PUFAs, ultimately producing satu-
rated fatty acids. Early studies of biohydrogenation identified
CLA as a first intermediate in the reduction of LA to stearic
acid (18:0) by the ruminal bacterium B. fibrisolvens.” The dis-
covery of anticarcinogenic properties of CLA®' then stimulated,
besides medical research, a strong interest in the bioconver-
sion of PUFAs into their conjugated species.®*” Four PUFA
double bond isomerases have been published to date, and in
the following sections we summarize current data relating to
their biochemical properties and reaction mechanisms.

Biochemistry of CLA-Producing Enzymes

To date, separate enzymatic activities producing -either
(9Z,11E)-CLA or (10E,122)-CLA have been found in numerous
bacteria.”"" Several bacterial genes encoding for PUFA isomer-
ases have been published, and in addition one eukaryotic iso-
merase has been isolated from the red alga P filicina"*"
(Table 1). However, the isolation of bacterial isomerases from
native hosts remains challenging, likely because the isomerase
activity has been shown to reside in the membrane frac-
tion."*'> Probably for the same reason the overproduction of
the active recombinant isomerase protein has been achieved
only for PAIl, which is relatively small and a soluble flavopro-
tein."®

To the best of our knowledge, the most detailed study of a
microbial isomerase that produces (9Z,11E)-CLA (9,11-isomer-
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aliphatic hydrogen atom from position C-11, while the role of
flavin as cofactor for the double bond activation in CLA-produc-
ing enzymes is also discussed with regard to the recently pub-
lished three-dimensional structure of an isomerase from P. acnes.
Combined data from structural studies, isotopic labeling experi-
ments, and sequence comparison suggest that at least two differ-
ent prototypical active site geometries occur among polyunsatu-
rated fatty acid (PUFA) double bond isomerases.

ase) was performed with a crude preparation of a membrane
fraction from B. fibrisolvens.”'*'”"® Using sets of systematically
designed substrates with varying head group polarity and
double bond position, Kepler et al. demonstrated that the ac-
tivity of this 9,11-isomerase was based on the presence of a
free carboxylic group and a (9Z,122)-double bond system in
the substrate. Fatty acids longer than 18 carbon atoms were
not substrates. When a preparation harboring this enzyme was
incubated with LA in the presence of ?H,0, one *H atom was
incorporated in the product (92 11E)-CLA in a pro-R stereo con-
figuration (degree of labeling 88%), hinting at a reaction
mechanism involving a prototropic shift. In addition, the kinet-
ic isotope effect due to the breaking of a C—H bond at C-11 in
LA was demonstrated by use of 11-dideuterio-LA as a sub-
strate, with no loss of deuterium from the product being ob-
served in this case. Therefore, both the protonation of the A12
double bond and the release of the intermediate LA carbanion
from the active site were excluded as possible reaction path-
ways. Instead, Kepler et al. suggested a concerted mechanism
for the LA isomerization, involving hydrogen removal from C-
11 and stereospecific transfer (R configuration) of the solvent-
derived proton by the enzyme to C-13 of the substrate (Fig-
ure 1A).

In addition, several Lactobacillus species can convert LA into
(9Z,11E)-CLA, but in contrast to the isomerase from B. fibri-
solvens, varying amounts of (9E,11E)-CLA can be found in the
reaction products.'>'*%! Moreover, the cDNA sequence of the
linoleate isomerase from Lactobacillus acidophilus has been
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Table 1. Identification and biochemical properties of PUFA double bond isomerases

Protein properties associated with membrane

Host, references Butyrivibrio fibrisolvens™'*'"*® [ actobacillus acidophilus®'®"  Propionibacterium acnes"®"'*3¢  Ptilota filicina"*'***
Accession number gene not identified DQ239438 AX06 2088 AF354661
Substrate 18:2A%212Z 18:2A%12Z 18:2A%2122 20:5452,82,112,142,172
PrOdUCt 18:2A92,'|'|E 18:2A92,'|'|E 18:2AQE,'HE 18:2A105,12Z 20:5ASZ,7Z,92,14Z,'|7Z
Ko [um] 9.7 not determined 14 32.8

associated with membrane

monomer, contains FAD glycosylated, homodimer,

fraction fraction contains flavin cofactor
Heterologous overexpression  no no S. cerevisiae, active E. coli, inactive
N. tabacum, active A. thaliana, active
O. sativa, active
E. coli, active
L. lactis, active
A) B) c) /
\
Phe 193
12 9 " AL
- X Arg 88
= .
~
PAI —_— FAD % P
H,
Tyr 297 Ser 295
R =
CLA 4
PFI — Leu 86
Hg -
I
Tyr314
—— lle 61 et 62
BFI - =
H - Phe 168 L W §>\LUJ gyl
BH \/ Tyr 170 —Val 312 /Val 64

y

Figure 1. A) Hydrogen transfer by isomerases from B. fibrisolvens, P. filicina, and P. acnes (top to bottom). Only atoms C-8 to C-14 of LA are shown for clarity.
Double bond positions are indicated by numbers. Waved lines indicate that the stereoconfiguration of hydrogen transfer has not been confirmed. For the iso-
merase from P. acnes the stereochemistry of the hydrogen transfer was predicted on the basis of structural data."® In the case of the isomerase from P. filicina
the stereochemistry of hydrogen abstraction, but not its readdition, was elucidated by use of y-linolenic acid labeled with deuterium at position C-11."? Only
the site of hydrogen abstraction—not the stereochemistry—has been established for the isomerase from B. fibrisolvens."® Nevertheless, in this case the sol-
vent-derived proton is incorporated in the product at C-13 in pro-R configuration."® B stands for a general base: an amino acid side chain or a water mole-
cule, for example. B) Structure of the isomerase from P. acnes in complexation with (10E,122)-CLA (PDB ID 2BAB). The protein is shown as grey ribbon, whereas
FAD and (10E,122)-CLA are shown as black sticks. C) Active site of the isomerase from P. acnes with the bound product (10E,122)-CLA. CLA and amino acids
important for catalysis are shown as sticks. For clarity, FAD and amino acids forming hydrophobic contacts to CLA in the binding pocket are shown schemati-

cally.

submitted to public databases® (Table 1). However, until now
its enzymatic activity has only been characterized with crude
membrane preparations in which the enzyme was solubilized
with B-octyl glucopyranoside, and besides the (9Z,11E)-CLA as
main product, (9E,11E)-CLA and (9Z,112)-CLA were also detect-
ed in small amounts.™ Whether these less abundant CLA iso-
mers are side-products of this 9,11-isomerase specific to Lacto-
bacilli or whether their formation is catalyzed by distinct pro-
teins remains unclear.

Recent in vivo studies have linked CLA production with the
formation of PUFA species containing hydroxy groups at C-
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10.7821 Apparently, a distinct pathway leading to CLA forma-
tion via (122)-10-hydroxyoctadec-12-enoic acid exists in some
Lactobacillus, Propionibacterium, Bifidobacterium, and Clostridi-
um-like bacteria of the human gut.”’ Several species of Lacto-
bacillus have been reported to accumulate CLA isomers along
with (122)-10-hydroxy- and (12E)-10-hydroxyoctadec-12-enoic
acid during LA biotransformation under microaerobic condi-
tions.*® The requirement for low oxygen concentration and
the suppression of culture growth by low levels of LA in the
medium was similar to the conditions established for B. fibri-
solvens."™ Feeding of isolated (122)-10-hydroxyoctadec-12-

ChemBioChem 2008, 9, 1867 - 1872
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enoic acid to L. acidophilus cells or to mixed microbial cultures
from human gut resulted in reduced levels of the substrate, ac-
companied by simultaneous production of (9Z,11F)-CLA"# It
has to be noted, however, that the interconversion of these
molecules was not shown directly with the isolated isomerase
protein or by isotope labeling. Moreover, at the present
moment the identities of enzymes and possible intermediates
involved in the isomerization have not been confirmed.

The isomerase from P. acnes, the representative member of
the 10,12-isomerase family, has been cloned, overproduced in
E. coli, and characterized biochemically in terms of substrate
specificity and the structures of resulting conjugated PUFAs.""
The preferred substrate was LA, which was converted exclu-
sively into (10£,122)-CLA, Unlike 9,11-isomerase from B. fibri-
solvens, however, this 10,12-isomerase accepted long-chain
PUFAs as substrates, and the formation of conjugated trienes
from linolenic acid (18:3A%'2%%)  arachidonic  acid
(20:44°28212142) and docosahexaenoic acid
(22:644272102132162199) \was confirmed by HPLC, mass spectrom-
etry, and NMR.

The only well studied example of a eukaryotic PUFA double
bond isomerase is the one from P, filicina"® and to date no
other double bond isomerases from higher organisms have
been reported. In contrast with the microbial enzymes, this pu-
rified enzyme showed a clear preference for the w-3 very long
chain PUFAs such as eicosapentaenoic acid (20:54°482112142172)
and docosahexaenoic acid (22:6%447410213216219) " The distinc-
tive feature of its reaction behavior was the formation of a
conjugated triene—that is, two double bonds of the PUFA
were shifted by the enzyme when three or four double bonds
were present in the substrate. However, the physiological role
of the resulting conjugated trienoic PUFA in marine algae is
yet not understood. Yy-Linolenic acid (18:3A%%'%) and
dihomo-y-linolenic acid (20:34%2"%'%) were transformed by
this isomerase into mixtures of conjugated diene and triene
fatty acids, the latter products being predominant. In contrast,
LA gave only a conjugated diene PUFA as a product, but the
identity of this substance has not been established.”” The pro-
posed scheme for the first step of this reaction was similar to
the mechanism elucidated for the isomerase from B. fibri-
solvens, including the hydrogen abstraction at C-11 and its in-
tramolecular transfer to C-13 with y-linolenic acid as the sub-
strate (Figure 1A). Moreover, Wise et al. have suggested that
the formation of the conjugated trienoic PUFA required an ad-
ditional hydrogen elimination step followed by the concerted
shift of two double bonds; at this stage one solvent-derived
proton was incorporated at C-11 of arachidonic acid
(20:4A5Z,82,11Z,14Z)-[12]

Reaction Mechanisms of PUFA Double-Bond
Isomerases

The early reaction models based on biochemical characteriza-
tion of enzymes from B. fibrisolvens and P. filicina logically sug-
gested the allylic shift mechanism in which the fatty acid inter-
mediate is activated by hydrogen removal from C-11. However,
these models clarified neither the natures of the hydrogen-re-
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© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

moving groups in PUFA double bond isomerases nor the func-
tional groups responsible for free carboxy group binding. How-
ever, the recently published structure of the isomerase from
P acnes in complexation with its product (10E,122)-CLA shed
light on the atomic details of the reaction."” It turned out to
be a flavoenzyme containing one noncovalently bound flavin
adenine dinucleotide (FAD) moiety per protein unit (Figure 1B).
In the protein—(10E,122)-CLA complex the product FA adopted
a strongly bent U-shaped conformation inside the highly hy-
drophobic substrate-binding channel (Figure 1C). The carbon
atom C-11 of LA was predicted to be the site of hydrogen ab-
straction and was positioned just 3.2 A away from the redox-
active nitrogen atom N-5 of FAD, immediately suggesting an
intermediate FA oxidation by the latter during the catalytic
cycle. Such a precise alignment of the substrate was achieved
by hydrogen bonding between the free carboxylic group of
the FA and two flexible residues at the entrance to the active
site: Arg88 and Phe193 (Figure 1C).

The mode of FA binding to the isomerase from P. acnes may
allow some general conclusions to be drawn for both 9,11-
and 10,12-isomerases. Because all published PUFA double
bond isomerases have strictly preferred free FAs over esterified
ones, it is likely that the free carboxylate group is recognized
in a similar way by all group members. Moreover, the distance
between the active site entrance and the N-5 atom of FAD
might be very similar for all enzymes, based on the fact that C-
11 of the FA substrate has been shown to be the hydrogen
abstraction site in all three isomerases discussed so far.

In addition, the structural model allowed a two-step mecha-
nism to be postulated for the isomerase reaction. The sub-
strate LA is converted either into an intermediate carbocation
or into a radical, by hydrogen or hydride anion removal, re-
spectively, at position C-11 of the substrate, resulting in the re-
duced FAD. The hydrogen or the hydride anion, respectively, is
then transferred back from FAD to the FA substrate at position
C-9, due to the preferential stabilization of the mesomeric
structure, with either a partial positive charge or an electron at
C-9, by Phe168 (Figure 1C).

In contrast to 9,11-isomerases, the reaction cycle of 10,12-
isomerases does not result in proton exchange between the
solvent and (10E,122)-CLA (A.L. and LF., unpublished results,
Figure 1A). In view of the low sequence similarity between the
three isomerases from L. acidophilus, P filicina, and P. acnes
(Figure 2), it is probable that, despite the conservation of the
FAD binding motif, the overall geometries of the active sites in
9,11-isomerases and in 10,12-isomerases are different. The pres-
ence of water molecules or polar amino acid residues in the
9,11-isomerase active site might be a plausible explanation for
proton exchange between the FA intermediate and the sol-
vent. Thus, deuteration at C-13 could be mediated by the N—H
bond at position N-5 in the reduced FAD, since tertiary amino
groups easily exchange protons with the solvent. Recently, the
incorporation of water-derived 2H into (9Z,11E)-CLA at the C-13
position during the biotransformation of LA by mixed ruminal
microorganisms has been demonstrated, with isotopic enrich-
ment in CLA averaging at 26.8%, in comparison with 43.2% in
water.”® Together these data point towards the possibility of a
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Figure 2. Sequence conservation between isomerase proteins from L. acido-
philus, P. filicina, and P. acnes. Amino acid conservation between the three
proteins is about 12% (counting relative to the sequence from P. acnes). The
most strongly conserved region is their N-terminal FAD-binding domain, in-
cluding the canonical GxGxxG(x),sE nucleotide binding motif,*" indicated by
black rectangles.
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Double bond isomerization

Transient oxidation Protonation  Deprotonation
IDI type 1 KSI
Heme iron Flavoenzymes EE]JIAI’.)I;?IM
CTI PAI R
IDI type 2
4-BUDH

Figure 3. Classification of carbon-carbon double bond isomerases according
to reaction mechanism. The list of enzymes was retrieved from http://expasy.
org/enzyme/. Only the enzymes for which the reaction mechanism and/or
structure was published were selected. The most common mode of double
bond activation is deprotonation of the carbon atom next to the double
bond by an acidic amino acid side chain, such as Glu or Asp. The pK, of the
allylic C—H is usually lowered by an adjacent keto or carboxy group, making
an enzymatic proton abstraction relatively facile. This group consists of acyl-
CoA- (enoyl-CoA isomerase (ECI), dienoyl-CoA isomerase (DECI) and acyl-ACP
isomerases (FabA, FabM), as well as keto steroid isomerase (KSI). In contrast,
protonation of the double bond by a Cys residue is a unique feature of an
isopentenyl diphosphate:dimethylallyl diphosphate isomerase (IDI) type 1 re-
action.”**? A third option is double bond isomerization coupled to transient
substrate oxidation, performed by cofactor-dependent enzymes of two
types: 1) heme-containing cis-trans isomerase from Pseudomonas sp. (CTl),
and 2) flavin-dependent 10,12-isomerase from P. acnes, isopentenyl diphos-
phate:dimethylallyl diphosphate isomerase type 2, and 4-hydroxy butyryl-
CoA dehydratase (4-BUDH). All listed flavoenzymes contain FAD; for isopen-
tenyl diphosphate:dimethylallyl diphosphate isomerase type 2 and 4-hydrox-
ybutyryl-CoA dehydratase a radical mechanism of C—H bond cleavage, fol-
lowed by substrate isomerization and readdition of hydrogen from FAD, has
been demonstrated. For references see the text.

common reaction mechanism for all 9,11-isomerases. Unfortu-
nately, until now none of these bacterial enzymes has been
isolated as a pure protein or protein complex suitable for spec-
troscopic and structural analysis.

At first glance, the isomerization of LA to CLA is a simple
chemical reaction; however, it requires an energetically de-
manding step to cleave a relatively inert C—H bond at C-11 in
order to initiate the allylic shift of either the (92)- or the (122)-
double bond. The allylic shift is driven by the negative free
energy of conjugation, which in buta-1,3-diene is estimated to
be about —16.7 kJm™', which makes the overall reaction irre-
versible. At least in the case of the isomerase from P. acnes the
substrate activation and hydrogen transfer seems to be assist-
ed by FAD, which might be also the case for other PUFA
double bond isomerases, due to the conserved FAD binding
domain (Figure 2).

Apart from PUFA double bond isomerases, the positional
and geometrical isomerization of double bonds has also been
studied in several other enzyme systems (Figure 3), including
steroid delta isomerase,*” isopentenyl diphosphate:dimethyl-
allyl diphosphate isomerase types 1 and 2,%°?”! 4-hydroxybu-
tyryl-CoA dehydratase,”” (2F)-decenoyl-acyl-carrier-protein iso-
merase,”” A3Z,A2E-enoyl-CoA isomerase,®” A3,5-A2,4-dienoyl-
CoA isomerase,®" and cis-trans FA isomerase from Pseudomo-
nas sp.”? All listed enzymes, apart from 4-hydroxybutyryl-CoA
dehydratase, modify lipophilic substrates and are involved in a
variety of different metabolic pathways such as bacterial FA
biosynthesis, FA [-oxidation, biosynthesis of isoprenoids, deg-

ChemBioChem 2008, 9, 1867 - 1872
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radation of steroids, and modification of plasma membrane
lipids. Enzymatic double bond activation embraces three major
mechanisms known from organic chemistry: 1) protonation of
the double bond, 2) abstraction of the labile a-proton assisted
by an electron-deficient keto or acyl group, and 3) oxidative
cleavage of a C—H bond, which can generate either radical or
carbocation intermediates. The latter option involving FAD and
radical intermediates has been demonstrated for isopentenyl
diphosphate:dimethylallyl diphosphate isomerase type 2 and
4-hydroxybutyryl-CoA dehydratase.””**3¥ Notably, the struc-
ture of the PAI-(10E,122)-CLA complex also suggested a FAD-
dependent mechanism of LA isomerization. Although there is
no resemblance in terms of protein fold or substrate structure
between isopentenyl diphosphate:dimethylallyl diphosphate
isomerase type 2, 4-hydroxybutyryl-CoA dehydratase, and the
10,12-isomerase from P. acnes, all three enzymes likely employ
FAD as a cofactor to cleave a stable C—H bond. It should be
noted that the group of flavin-dependent carbon-carbon
double bond isomerases so far includes only proteins from
anaerobic bacteria. The absence of molecular oxygen in the
environment enables a rich repertoire of carbon- and nitrogen-
centered radical reactions in these microorganisms.>” If the
conservation of the FAD binding domain, hydrogen transfer
data for the 9,11-isomerase from B. fibrisolvens, and the fact
that most of the CLA producing bacteria are anaerobes or
microaerophyles™’?¥ are taken into account, it is tempting to
speculate that flavin-dependent radical mechanisms may be in-
volved in biosynthesis of all CLA isomers by bacteria.

Outlook

Steadily growing evidence relating to the beneficial health
effects of CLA has resulted in a need for biotechnological
production of pure CLA isomers. Four isomerase proteins, spe-
cifically producing either (9Z,11E)-CLA or (10E,122)-CLA, have
been described to date, and several research groups have at-
tempted to create transgenic plants producing pure CLA iso-
mers through the introduction of the isomerases either from
P. acnes""*% or from P, filicina."® These studies revealed that rel-
atively small amounts of (10E,122)-CLA were accumulated in
vivo only upon overexpression of isomerase gene from
P.acnes. More precisely, (10E,12Z)-CLA made up about 0.3%
and 0.9% of esterified FAs in the seeds of transgenic tobacco™™"
and rice plants,®® respectively. In the case of the isomerase
from P filicina, isomerase activity was detected in tissues of
transgenic A. thaliana plants only by an in vitro assay, and no
accumulation of any conjugated PUFA was detected in seed
lipids.!™

The structure of the FAD-containing isomerase from P. acnes
provided the atomic model for the reaction mechanism. De-
spite the conservation of N-terminal FAD-binding motifs, com-
parison of kinetic parameters and proton transfer suggests a
different organization of the active sites in 9,11- and 10,12-iso-
merases. Moreover, low sequence conservation between these
two families restricts homology modeling efforts, although the
isolation of individual 9,11-isomerases suitable for structural
studies should resolve this intriguing question.
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A major feature of the PUFA double bond isomerase reac-
tion is the cleavage of inert C—H bonds in the absence of a
strong oxidant. Conceptually, a similar reaction is catalyzed by
lipoxygenases, which abstract bis-allylic hydrogen atoms in
PUFAs, followed by the recombination of a FA radical with
molecular oxygen.®” Efficient transfer of atomic hydrogen by
lipoxygenases is based on a quantum-mechanical tunneling
effect, which has been demonstrated before.***” Interestingly,
flavin-dependent radical isomerization mechanisms have re-
cently been demonstrated for two other unrelated bacterial
flavoenzymes: isopentenyl diphosphate:dimethylallyl diphos-
phate isomerase type 2 and 4-hydroxybutyryl-CoA dehydra-
tase. Apparently, in anaerobic bacteria the use of flavin radicals
for transient substrate activation is a recurrent theme, which
can be used for identification of new bacterial isomerases spe-
cific towards C—H bond cleavage.

Abbreviations

CLA: conjugated linoleic acid. FAD: flavin adenine dinucleotide.
9,11-Isomerase: PUFA double bond isomerase producing
(9Z,11E)-CLA. 10,12-Isomerase: PUFA double bond isomerase
producing (10E,122)-CLA. LA: linoleic acid. PUFA: polyunsatura-
ted fatty acid.
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Artificial Riboswitches: Synthetic mRNA-Based Regulators

of Gene Expression
Markus Wieland and Jorg S. Hartig*®

Introduction

For half a century, bacterial regulation of gene expression has
been known to be dominated by proteins that interact with
metabolites, which results in altered transcription initiation.
Although the expression of the majority of genes is controlled
by protein-based mechanisms, the discovery of RNA-based
feedback devices that enable regulation of expression without
the need for engaged proteins came as a surprise. Breaker and
co-workers initially discovered that the use of such mecha-
nisms, termed riboswitches, is widespread in bacteria. For ex-
cellent reviews that highlight naturally occurring riboswitches,
we refer to the recent literature.'™ Riboswitches are typically
located in the 5-untranslated region (5'-UTR) of bacterial
mRNA, and consist mainly of a first domain (called aptamer
domain) that specifically senses a metabolite, and a second
domain (the expression platform) that facilitates control over
transcription termination or translation initiation by a structural
rearrangement (see Scheme 1).

With respect to the revolutionary findings of Breaker and co-
workers, it is very intriguing that researchers have successfully
constructed similar, artificial systems even several years before
naturally occurring riboswitches were discovered.”’ The gener-

A)
aptamer
domain

5" “Luuuuu-3'

small r
transcription stop

gene expression ON gene expression OFF

translation initiation
blocked
gene expression OFF

gene expression ON

Scheme 1. Most common mechanisms of naturally occurring riboswitches.
A) Regulation of transcription termination: A metabolite binding to the apta-
mer domain of the riboswitch triggers changes in the expression platform,
folding of a transcriptional terminator is stabilized. B) The same general ar-
chitecture can also be used for translational control by masking the riboso-
mal binding site (RBS) upon ligand binding. Note: Opposite reactivity (that
is, transcription anti-termination as well as translational initiation) upon pres-
ence of the metabolites is also found in some riboswitches.
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ation of such man-made, RNA-based regulators was possible
by using aptamer technology for the recognition of ligands by
RNAs. Aptamers are in-vitro-selected nucleic acid sequences
that specifically bind to a ligand of choice.®® Such artificial,
RNA-based switches enable the control of gene expression, un-
coupled from the intrinsic metabolism. Although natural ribo-
switches are mainly found in bacteria, artificial systems have
been constructed for eukaryotic organisms as well. Such tailor-
made regulatory devices should prove of value as tools in bio-
technology as well as synthetic biology applications. Here, we
give an overview of the different concepts that are based on
the insertion of ligand-sensing elements into mRNAs, thereby
enabling the regulation of expression of the respective mes-
sage. Due to space restrictions we will neither discuss artificial
trans-acting mechanisms such as small-molecule-regulated,
RNA-based transcriptional activators,” nor ligand-controlled
antisense constructs for the regulation of gene expression."”

Artificial Riboswitches
Aptamer-based RNA switches in eukarya

Aptamers are short RNA sequences that bind specifically to
ligands such as small molecules or proteins.” Ten years ago,
Werstuck and Green inserted aptamers that were specific for
the dye H33258 into the 5'-UTR of a reporter gene in eukary-
otes.”! Upon addition of the dye, which binds to the aptamer,
gene expression of the reporter gene was significantly reduced
in Chinese hamster ovary cells while a second unmodified re-
porter gene was unaffected. Since then it has been shown that
upon insertion of theophylline, biotin,™ as well as tetracy-
cline™ aptamers into the 5'-UTR in eukaryotic cells compara-
ble effects can be observed; this results in reduced gene ex-
pression levels in the presence of the corresponding small mol-
ecule. Ribosomal binding studies on mRNA revealed that the
aptamer in the presence of the ligand interferes with riboso-
mal scanning of the 5-UTR for the start codon, and therefore
with the formation of the translation initiation complex (see
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Scheme 2)." This result is in accordance with the observation
that multiple aptamers that are cloned into the 5-UTR show a
more pronounced effect than a single aptamer.”' Also, gene
expression seemed to be unaffected if the aptamer was locat-
ed within the coding sequence (ORF) or the 3'-UTR of the re-
porter gene."

A) ribosome
T start )
r‘\*?)i?m . aptamer codon \
'ju?u 1|‘r j E *1. +19
subunit E : !
i — “
ribosomal translation initiation

scanning

complex formation

+1 translation
_../--> initiation

—_— —\ inhibited
ribosomal scanning

blocked

Scheme 2. Artificial riboswitches in eukaryotes were constructed by inserting
aptamers into 5-untranslated regions of mMRNAs (5’-UTRs). A) In eukaryotes,
the small subunit recognizes the first start codon after scanning the mRNA
from its 5'-end. B) Ligand binding to the aptamer sequence disturbs the
scanning process, and results in decreased translation initiation.® "'

Besides these initial reports, control of gene expression by
placing aptamers into mRNAs was successfully demonstrated
by using mechanisms that differ from interfering with transla-
tional initiation. For this purpose, splicing of pre-mRNA can be
a valuable target. During the splicing event, the newly tran-
scribed pre-mRNA of eukaryotes is altered by removing non-
coding intron sequences and rejoining the coding exons. Sim-
plified, the 2’-OH of a nucleotide in the branch point sequence
(BPS) performs a nucleophilic attack on the first nucleotide of
the intron at the 5- splice site (5'-ss) to form a lariat and re-
lease the 5-exon. This exon subsequently performs a nucleo-
philic attack on the last nucleotide of the 3'-splice site (3'-ss) of
the intron. Consequently, the 5’- and 3’-exons are rejoined, and
the intron is released (see Scheme 3A). Because inefficient
splicing reduces gene expression, the mRNA sequences that
are essential for splicing (BPS, 5'-ss and 3'-ss) can be targeted
by an aptamer to control expression levels.

Gaur and co-workers inserted a theophylline aptamer into
the 3’-ss of a pre-mRNA in vitro. The last nucleotide of the 3'-
ss is crucial for the nucleophilic attack on the 5-exon to form
the spliced mRNA. The addition of theophylline to the reaction
stabilizes the aptamer and therefore sequesters this last nu-
cleotide of the 3'-ss (see Scheme 3B). Thus, addition of the
aptamer-specific ligand results in inhibition of splicing, and
hence gene expression."™ A similar approach was chosen by
Suess and co-workers by introducing a theophylline aptamer
into the 5’-ss of an intron of a reporter gene (see Scheme 3C).
Splicing and eventually gene expression is reduced in the pres-
ence, but unaffected in the absence of theophylline. Interest-
ingly, the effectiveness of gene expression control can be fur-
ther increased if theophylline aptamers are inserted in several
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A) nucleophilic
attack
pre-mRNA exon 1 o EH exon 2
5hes -3
5-s3 BPS

v

lariat

nucleophilU
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exon 1
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mRNA

B) nucleophilic attack _ _/?/_ .
inhibited -~ Tl

C) nucleophilic attack

inhibited

D) nucleophilic  aptamer
attack

inhit_)i!%d_ 7//4 ~~ C ligand
HO:

Scheme 3. Control of gene expression by inhibition of splicing in eukary-
otes: A) Simplified splicing mechanism: Branching point sequence (BPS)
performs nucleophilic attack on 5'-splice site (5'-ss) and releases exon 1.
Subsequently, exon 1 performs nucleophilic attack on 3’-splice site (3'-ss),
which results in the joining of exons 1 and 2. Splicing can be regulated by
insertion of an aptamer into B) the 3'-ss,"® C) the 5'-ss!"¥ or D) the BPS.”!
Blocking of essential elements for nucleophilic attack results in inhibition
of splicing, eventually leading to reduced expression levels.

5'-ss of one gene!" Recently, a theophylline aptamer was
placed around the BPS of an intron. This design is similar to
the previous design of splicing regulation because the aptamer
sequesters an essential sequence if theophylline is added; this
results in inhibition of splicing (see Scheme 3D). Furthermore,
this design even allows, to a certain extent, the modulation of
alternative splicing, which opens fascinating possibilities for
synthetic biology applications.'” In addition to controlling the
splicecosome-mediated mMmRNA procession, Ellington and co-
workers have rendered the group | intron ribozyme ligand de-
pendent in bacteria. The group | intron RNA catalyzes a self-
splicing reaction and was engineered to be controlled by theo-
phylline upon insertion of the aptamer into the ribozyme.'®

Aptamer-based RNA switches in bacteria

Although these ways of regulating gene expression by aptam-
ers in eukaryotes are very impressive, transfer to bacterial sys-
tems is not feasible because the genetic mechanisms differ

ChemBioChem 2008, 9, 1873 - 1878
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strongly in eukaryotes and bacteria. Therefore, in bacteria
other essential features of gene expression have to be target-
ed. Inspired by naturally occurring riboswitches, sequestering
and liberating of the ribosomal binding site (RBS), which needs
to be single stranded for a successful translation initiation
seemed to be an appealing task. For that reason, a theophyl-
line aptamer that was attached to a so-called communication
module was inserted directly upstream of the RBS.'” The com-
munication module, which originates from an in-vitro-selected
ligand-dependent ribozyme!"® facilitates a structural rearrange-
ment of the RNA secondary structure upon theophylline bind-
ing, and eventually leads to a blocked RBS, and hence, reduced
gene expression (see Scheme 4A).

A)

'

translation initiation
complex formation

translation initiation
inhibited
B)

+1 -
i - rr—— '

Ay |

translation initiation translation initiation
inhibited complex formation

communication
module

Scheme 4. Aptamers can regulate gene expression in bacteria. For successful
translation initiation, the ribosome binding site (RBS) has to be accessible
for the small subunit of the ribosome. Ligands that interact with inserted
aptamer sequences can sequester the RBS by either A) small structural
changes (slipping mechanism)""” or B) global changes. The communication
module supports the structural rearrangement.!2%

Using a similar approach, Gallivan and co-workers placed a
theophylline aptamer several nucleotides upstream of the RBS.
In contrast to the above-described design by Suess and co-
workers, gene expression is induced in the presence of theo-
phylline by liberating the RBS upon ligand binding."” Subse-
quently, the nucleotides in between the aptamer and the RBS
were randomized to screen in vivo for better activation ratios.
By using this approach several clones were identified that
show enhanced reporter gene expression levels.”” Mechanistic
studies revealed that global changes in the secondary struc-
ture are initiated upon theophylline binding, which resulted in
liberation of the RBS (see Scheme 4B). Gallivan and co-workers
nicely demonstrated the potential of such RNA switches by im-
plementing it in recombinant strains of Escherichia coli that
contain an impaired regulation of the chemotactic system.?"??
Only if the bacteria encounter theophylline, do they start to
move into random directions, otherwise they tumble in place.
By placing the expression of cellular factors that regulate bac-
terial movement under control of the theophylline-dependent
RNA switch, E. coli was enabled to trace tracks of the before
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unrecognized chemoattractant theophylline. The artificial theo-
phylline-dependent movement of a bacterium was termed
pseudotaxis.

Aptamer-mediated control of gene expression was also real-
ized at the transcriptional level. The synthesis of subgenomic
mRNAs of the Tomato bushy stunt virus (TBSV) seems to in-
volve premature termination of transcription of the viral RNA
genome.”®! An essential stem loop of the attenuation signal in
the genome was replaced by the theophylline aptamer.”® The
folding stability of the aptamer-containing stem loop in the
absence of theophylline is reduced compared to the stability
of the original stem loop. As a consequence, the attenuation
signal cannot form, and run-off transcripts are synthesized. In
the presence of theophylline the attenuation signal is stabi-
lized; this results in transcription termination. The small, termi-
nated RNAs are crucial for the further production of the subge-
nomic mRNAs.?® Similarly, the incorporation of the theophyl-
line aptamer into the stem loop of a regulatory element of the
tombus virus enabled Wang and White to switch replication of
the virus by reconstituting the functional regulatory element
upon ligand binding.*”

Aptamer-based artificial riboswitches have been demonstrat-
ed to function in a variety of species, ranging from viral to pro-
karyotic as well as eukaryotic organisms. Although there are
several known examples of these aptamer-based RNA switches,
each has to be adapted to the genetic background of the spe-
cific organism. Because eukaryotes and prokaryotes differ sig-
nificantly in their genetic mechanisms, to date there is no ex-
ample of an RNA switch that can simply be transferred from
one kingdom to another. In the next section we will discuss
ribozyme-based switches that, in our opinion, show an in-
creased potential for species-independent control of gene ex-
pression.

Ribozyme-based RNA switches

In analogy to enzymes, RNA sequences that catalyze reactions
are called ribozymes. Naturally occurring ribozymes are—be-
sides other important tasks—involved in gene regulation, and
therefore represent a special class of natural riboswitches. The
glmS-ribozyme was the first ligand-dependent regulator of
gene expression to be discovered that acts via cleavage of the
message. Upon binding of its specific ligand (the gimS-metab-
olite glucosamine-6-phosphate), autocatalytic cleavage of the
mRNA is activated by glucosamine-6-phosphate acting as a co-
factor rather than by inducing structural rearrangements.””
The cleaved mRNA is then recognized by the specific ribonu-
clease RNase J1 and is subsequently degraded; this results in
reduced gene expression.”® Because all other known bacterial
riboswitches control either transcription elongation or transla-
tion initiation, the gimS riboswitch mechanism is unique.
Phosphodiester-cleaving ribozymes such as the hammer-
head motif (HHR) have been used for a long time to control
gene expression, mostly by targeting mRNAs by in trans cleav-
age.”” Since its first realization around ten years ago, there are
several examples of ribozymes that have been engineered to
cleave in a ligand-dependent fashion."®#%2? For this purpose,
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the ribozymes were combined with a variety of aptamers in
vitro. The activity of the resulting aptazymes can be controlled
by the addition of the specific ligand of the aptamer. Such
aptazymes have been used as molecular switches as well as
sensors of molecular interactions."®??! However, the minimal
hammerhead motifs that are frequently used for these studies
required higher Mg®>™ concentrations than are present under
physiological conditions inside cells. Recent biochemical find-
ings along with a crystallographic structure of a full-length
HHR, which was resolved by Scott and co-workers clarified the
importance of loop sequences that are distant from the cata-
lytic core.*=? Surprisingly, it was found that tertiary interac-
tions of stem| and stem |l of the ribozyme significantly en-
hance its activity; this enables cleavage even at low, physiolog-
ical Mg?* concentrations.

These important findings paved the way for a novel kind of
regulators that are based on full-length hammerhead ribo-
zymes. Mulligan and co-workers inserted a sequence-optimized
version of the full-length HHR at different positions into eu-
karyotic mRNA, namely into the 5-UTR, the 3’-UTR and an in-
tronic region. Upon autocatalytic cleavage of the inserted HHR,
the mRNA is sliced. The cleavage results in mRNA destabiliza-
tion by degradation, which results in decreased gene expres-
sion (see Scheme 5A). Interestingly, down-regulation is much
more effective if the ribozyme is located in the 5-UTR com-
pared to the 3’-UTR or intron location. Also, gene expression
can be inhibited even stronger by introducing two successive
ribozymes instead of a single one.”™ To turn these HHRs into
artificial riboswitches, nucleotide analogues were added; this
resulted in a dose-dependent increase of gene expression
levels. The underlying mechanism is based on the incorpora-
tion of the analogues into the mRNA, and consequently in the
HHR sequence, whereby the cleavage activity is reduced (see
Scheme 5B).2Y However, the action of the nucleoside ana-
logues is not ribozyme-specific and is likely to show cytotoxic
side effects, especially in prokaryotes.

In order to realize a specific ligand—RNA interaction within
the ribozyme context, the concept of long-known in-vitro-
inducible aptazymes was evolved for regulation of gene ex-
pression in vivo by Smolke and co-workers, as well as by our
group.B>3¥ For this purpose, Win and Smolke inserted a HHR
into the 3'-UTR of a eukaryotic reporter gene to ensure that
regulation is based solely on mRNA cleavage, in contrast to
the possible structural inhibition of translation initiation if in-
serted into the 5-UTR. Subsequently, aptamers were attached
to an extended stem Il which likely results in control of the for-
mation of tertiary interactions by ligand binding. Two opposite
formats were realized, in the first one, gene expression is
turned on upon ligand-dependent inhibition of the ribozyme,
in the second one, gene expression shuts down by activating
ribozyme-mediated mRNA cleavage (see Schemes 5C and D).
The modularity of the approach was demonstrated by realizing
the concept with two different aptamers, namely for theophyl-
line as well as for tetracycline.®”

In contrast to eukaryotes, the stability of prokaryotic mRNA
is not regulated by 5-cap or 3'-poly(A) tail elements. In addi-
tion, transcription and translation are spatially as well as tem-
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Scheme 5. A) Active HHRs that have been inserted into eukaryotic mRNA
result in removal of mRNA-stabilizing elements (5'-cap or 3’-poly(A) tail) and
eventually in degradation. Gene expression is inhibited. B) Gene expression
can be recovered if nucleotide analogues are incorporated into the mRNA.
This leads to nonspecific inhibition of the HHR activity.**** C) and D) Specific
HHR activity control can be obtained by attaching aptamers to stem II.
Ligand binding thereby affects essential tertiary interactions and finally ribo-
zyme activity.>

porally coupled in bacteria. These circumstances do not allow
for an easy transfer of an aptazyme-based RNA switch from
eukaryotes to prokaryotes because messages that are cleaved
in the 5- or 3’-UTR are still efficiently translated. In order to
develop an aptazyme-based RNA switch in prokaryotes, our
group envisioned an advanced aptazyme design.*® For this
purpose, we incorporated the RBS into the ribozyme fold. As
mentioned above, the RBS needs to be single stranded for effi-
cient translation initiation. In our system, the RBS is part of an
extended stem| of the HHR and initially sequestered, see
Scheme 6 A). Upon autocatalytic cleavage, the RBS is liberated
by dissociation of the two hammerhead fragments and transla-
tion proceeds. In contrast to the consequences of ribozyme
cleavage in eukaryotes, activation of ribozyme catalysis in pro-
karyotes results in activation of gene expression. Ogawa and
Maeda developed a similar design by incorporating the RBS
into stem lll of a theophylline-dependent minimal motif HHR
aptazyme that was obtained by in vitro selection by Breaker
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no cleavage
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Scheme 6. Fast-cleaving HHRs as RNA switches in bacteria. A) The RBS is in-
tegrated into stem | of the HHR and therefore blocked. Only after self-cleav-
age of the HHR the RBS gets accessible for the ribosome and gene expres-
sion can occur. B) Replacing stem Il with an aptamer that is connected by
a communication module results in artificial, ligand-dependent control of
gene expression. If the ligand is bound, the HHR adopts the active confor-
mation and the RBS is freed by self-cleavage.®®

and co-workers.®’*® However, regulation of gene expression

upon addition of theophylline in vivo is observed only at very
high Mg>* concentrations and low temperature, probably due
to the missing tertiary interactions between stems | and 11.2% In
contrast, our aptazyme design preserves the rate-enhancing
tertiary interactions of stems | and Il by attaching a theophyl-
line aptamer to stem Il of the HHR (see Scheme 6B).

In order to search for sequences that enable ligand-depen-
dent control of gene expression, we screened for optimized
communication modules in vivo.®® A major task in the con-
struction of aptazyme-based riboswitches is the search for op-
timum connection sequences between the aptamer and the
ribozyme. The communication module couples the event of
ligand binding at the aptamer domain to changes of the cata-
lytic rate of the ribozyme domain. Early communication mod-
ules for in-vitro-switchable aptazymes were obtained by insert-
ing a randomized stretch of nucleotides between the ribozyme
and aptamer sequences followed by in vitro selection for
switchable sequences."® On the other hand, recent results sug-
gest that in-vitro-selected, fast-cleaving aptazymes cannot be
simply transferred to an in vivo system.”® However, in the
rational aptazyme approach discussed above® it was possible
to construct aptazyme-based switches by using communica-
tion modules that were previously selected in vitro.

In order to construct HHR-based switches that function in
bacteria, we decided to search for new communication mod-
ules by screening for changes of reporter gene expression in
the presence and absence of the effector molecule in vivo.B®
The evident advantage of this method in contrast to in vitro
selection protocols is that all selected clones function as RNA
switches in vivo. On the other hand, the maximum sequence
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space that can be searched in such pools in vivo is certainly
much smaller compared to in vitro selection techniques. A
method that was developed by Gallivan and co-workers could
help to overcome this problem: the above-mentioned system
of controlling the movement of bacteria in a ligand-dependent
fashion can be used to select new artificial riboswitches.?"
Within such a selection setup, clones that covered a long dis-
tance in the presence of a specific effector and didn't move in
the absence of the effector; this resulted in the discovery of
activating RNA switches and vice versa.”" In addition, in vivo
selection protocols that are based on counter-selectable mark-
ers could provide even more powerful means to realize RNA-
based switches in living cells. In a first example, Nomura and
Yokobayashi used the tetA gene, which provides resistance to
tetracycline but can be counterselected due to an increased
sensitivity to Ni**. By using this in vivo selection strategy, it
was possible to invert the reactivity of a natural thiM ribo-
switch to get activated instead of inhibited gene expression in
the presence of thiamine."*?

Temperature-sensitive mRNA switches

In contrast to other riboswitches, thermoresponsive switches
are not dependent on a chemical but on a physical input,
namely changes in temperature. Natural devices that are
found in bacteria are based on an elegant but simple mecha-
nism where the RBS is sequestered by a secondary hairpin
structure, which is stable only at lower temperatures. Increas-
ing temperature destabilizes the secondary structure and
allows translation to be initiated. Most prominently, expression
of heat shock and virulence genes in bacteria is regulated in
this manner.*>*? Imitating this concept, we inserted several G-
quadruplexes (GQPs) with different stabilities around the RBS.
GQPs are guanosine-rich nucleic acid sequences that can fold
into stable, four-stranded structures. The stability of the quad-
ruplexes that mask the RBS can be fine-tuned and thereby
represents a novel means of modulating gene expression by
masking the RBS. By doing so, we were able to identify artifi-
cial, thermo-responsive sequences based on the formation of
quadruplexes that inhibit translation initiation."

Conclusions

While naturally occurring riboswitches have implications for
early regulatory networks within the context of a hypothetical
RNA world, artificial riboswitches contribute to the emerging
field of synthetic biology. The presented strategies should pro-
vide valuable tools for implementing complex regulatory func-
tions even when only minimal knowledge about the genetic
apparatus of less well characterized species is available. In this
respect, especially ribozyme-based strategies seem to have the
potential to act in many different organisms because cleavage
of the message results in irreversible changes. Such a drastic
processing is likely to interfere with gene expression regardless
of the species-specific genetic mechanisms. A successful exam-
ple is represented by the implementation of fast-cleaving ham-
merhead ribozymes for the regulation of gene expression in
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the apicomplexan parasites Toxoplasma gondii and Plasmodium
falciparum™® In addition, artificial riboswitches should be
useful in approaches that aim at implementing novel functions
in minimal organisms because no additional proteins are
needed to control expression via external stimuli. The first
steps of successful synthetic biology applications are repre-
sented by the implementation of artificial chemotaxis,?"
(termed pseudotaxis) as well as switching virus replication!
by using artificial, RNA-based switches. In well-balanced con-
texts it might be possible to control global expression sets by
RNAs acting on their own as well as other transcripts; this di-
minishes the need for most regulatory protein factors. Further-
more, RNA-only mechanisms could have the advantage of
shorter onset times of the wanted effects since they represent
a short-cut to protein-based control mechanisms.

24]
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Direct Evidence that Thil is an ATP Pyrophosphatase for the Adenylation of

Uridine in 4-Thiouridine Biosynthesis

Delin You,* Tiegang Xu, Fen Yao, Xiufen Zhou, and Zixin Deng*®

Over a hundred post-transcriptional modifications are made to
nucleosides in RNA, including the best characterized 4-thiouri-
dine (s4U) at position 8 in bacterial tRNA. The s4U serves as a
near-UV photosensor, undergoing a photoinduced cross-link-
ing reaction with cytidine-13 when exposed to near-UV light.!
The cross-linked tRNAs are inefficient aminoacylation sub-
strates,” and therefore protein synthesis stops, triggering
entry into a controlled growth arrest®* Two enzymes, Thil®
and 1scS,”® are proposed to be involved in the modification of
uridine to 4-thiouridine. IscS removes a sulfur atom from free
cysteine, and the terminal sulfur is transferred to Thil,”’ where
a persulfide is likely formed at cysteine-456 prior to Thil's
effect on tRNA modification.” Two chemical mechanisms were
proposed to account for the generation of s4U from the per-
sulfide group and activated uridine residue,” but the activa-
tion of uridine by adenylation has not been proven in either of
the two mechanisms. In this paper, we provide direct evidence
for the formation of an adenylation intermediate in the modifi-
cation process using electrospray ionization tandem mass
spectrometry (LC-ESI-MS-MS), ATP pyrophosphatase activity
analysis, and an isotopic tracer method.

Thil was shown previously as a sulfurtransferase, which was
responsible for the transfer of a persulfide to tRNA®'" |t
shares an adenylation-specific P-loop motif (SGGFDS) within
the PPi synthetase family, seemingly required for the activation
of uridine by adenylation (Scheme 1). In order to examine and
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Scheme 1. Conversions catalyzed by the Thil protein.
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prove the potential adenylation role of the Thil protein in 4-thi-
ouridine biosynthesis, a recombinant protein was expressed
(see the Supporting Information) and assayed in vitro for its
proposed ATP pyrophosphatase activity by monitoring the pro-
duction of PPi using the EnzCheck pyrophosphate assay kit
(Producer)." The kinetic constants observed for this reaction
are summarized in Table 1. The specific activity of Thil toward

Table 1. Substrate specificity of Thil and kinetic constants of the enzyme
reactions.

Substrate Ky [mm] Viax Keat kea/ Koy Imm~'s71]
ATP 0.244+0.05 1.940.10 0.145 0.604
GTP 0.84+0.16 1.294+0.07 0.095 0.113

ATP (1.940.1 nmolmin"'mg™") was comparable with that
toward GTP (1.2940.07 nmolmin~'mg™"), but the K,, value for
ATP was approximately 3.5 times lower than that for GTP. Thus,
the specific activity of Thil is established to serve as an ATP
pyrophosphatase which can catalyze the adenylation or guany-
lation of tRNA.

The formation of adenylated, but not the guanylated inter-
mediate in s4U formation was further examined using o->?P-
labeled ATP and unmodified tRNA obtained from E. coli thil
mutant VJS2890 (DE3) as substrate. Apparently, o-*?P-labeled
tRNA was observed (Figure 1A), whose labeling effi-
ciency was found to decrease in the presence of un-

NH
' ’ labeled ATP in the reaction mixture. In addition, a-
| /)N 32p-labeled tRNA was found to approach a diminish-
N ing level with increasing concentrations of unlabeled
ATP in a kinetic assay, but a high concentration of
unlabeled GTP, UTP, and CTP was found not to com-
— pete with the formation of a-*’P-labeled tRNA. When

a-*?P CTP was used for the substitution of o-*P ATP
for the isotope tracer test, the lack of signal appear-
ance clearly excluded the possibility that AMP was
incorporated into the 3’-end of tRNA by CCA nucleo-
tidyl transferase when Thil was co-purified (data not
shown). The results presented above, the detected
K., values at a remarkably distant ratio of 3.5:1 be-
tween ATP and GTP, and the physiological intracellu-
lar 3 mm ATP and 100 um GTP concentrations' in Escherichia
coli, strongly suggest that Thil catalyzes the adenylation, but
not the guanylation for the addition of AMP to tRNA in vivo.
To provide further evidence that Thil catalyzes formation of
a modification intermediate, both unmodified tRNA and adeny-
late tRNA were digested with BAL 31 nuclease. The nucleotides
produced were separated by HPLC on a C8 column and ana-
lyzed by electrospray ionization tandem mass spectrometry
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were obtained by a photodiode
array detector, which are consis-
tent with the results reported
by C. W. Gehrke."™™ A monoiso-
topic mass of m/z 576.3 [M+H]*
was identified immediately after
uridine components in the
HPLC trace of the digest of
tRNA, which has a characteristic
absorption spectrometry differ-
ent from adenosine, cytidine,
guanosine, and uridine (Fig-
ure 2). An additional attempt
was made to prepare the pure
unmodified tRNA by in vitro
transcription in order to prove

LRNA

tRNA (280nm)

25 30
t/ min —»

20

o 4

C) Intens

x1
1.:25

the exact location of adenyla-
tion by sequencing, but no con-
clusive result has been obtained
yet, likely due to the low quan-
tity and/or instability of the
modification intermediate.

This communication not only
provided evidence that the acti-
vation of uridine by adenylation
is the first reaction, but also
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Figure 1. Detection of an adenylated intermediate by PAGE and HPLC-MS. A) Formation of adenylated tRNA (U8)
in the presence of [0-*2P] ATP without unlabeled ATP (lane 2), with 0.05 mm GTP (lane 3), with 0.25 mm GTP

(lane 4), with 1.25 mm GTP (lane 5), with 1.25 mm CTP (lane 9), or with 1.25 mm UTP (lane 10). The radioactivity of
the AMP bound tRNA decreased by 0.01 mm ATP (lane 6), 0.05 mm ATP (lane 7), or 0.25 mm ATP (lane 8). A tRNA
without Thil treatment as a negative control (lane 1). B) The adenylated uridine intermediate could be detected
by HPLC from BAL 31 nuclease and CAP digests of modified tRNA, but not unmodified tRNA. The retention time
of cytidine is 23.2 min (C), uridine is 24.2 min (U), guanosine is 35.9 min (G), adenosine is 36.3 min (A), and that of
adenylated uridine is 24.6 min (U-A). C) An anticipated adenylated uridine intermediate with a monoisotopic mass
was identified in the total ionization of the BAL 31 nuclease and CAP digest of adenylated
tRNA (upper panel) by comparison with the total ionization of a digest of unmodified tRNA (lower panel).

of m/z 576.3 [M+H]*

(LC-ESI-MS-MS). An anticipated adenylated uridine intermediate
(Scheme 1) with a monoisotopic mass of m/z 576.3 [M+H]*
was identified in the total ionization of the BAL 31 nuclease
digest of adenylated tRNA, by comparison with the total ioni-
zation of a digest of unmodified tRNA (Figure 1C). The elution
positions of nucleotides are shown in Figure 1B. Cytidine, uri-
dine, guanosine, and adenosine in the digested product were
identified by mass spectrometry, and the UV spectra of peaks
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provided strong support for the
recently proposed catalytic
mechanism for Thil in 4-thiouri-
dine biosynthesis.

Experimental Section

Cloning and expression of the thil
gene and purification protocols of
Thil are described in detail in the
Supporting Information. ATP pyro-
phosphatase activity was moni-
tored as previously described.""
In this assay, PPi is converted to Pi
by inorganic pyrophosphatase.
The substrate 2-amino-6-mercap-
to-7-methylpurine ribonucleoside
(MESG) is enzymatically converted
by purine nucleoside phosphory-
lase (PNP) to ribose 1-phosphate
and 2-amino-6-mercapto-7-meth-
ylpurine. Enzymatic conversion of
MESG results in a shift in absorb-
ance maximum from 330 nm for
the substrate to 360 nm for the product. One unit of enzyme was
defined as the amount of enzyme that catalyzes the formation of
1 nmol of the product (PP) min~'. Specific activity was expressed
as units per mg of protein. The pyrophosphate concentration was
determined based on a standard Na,P,0, curve. For kinetic meas-
urements, a solution of 0.2 mm MESG, 1 U purine nucleoside phos-
phorylase, and the appropriate concentration of ATP or GTP in Tris
(50 mm pH 7.5), MgCl, (1 mm), and sodium azide (0.1 mm) was in-
cubated at 22°C. After 5min, unmodified tRNA (2.5 um), Thil

40
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Figure 2. UV spectrum and LC-MS analysis of nuclease digests of tRNA. Modified tRNA digests were identified by
UV spectra and ESI-MS spectrum. A) Positive ion ESI-MS spectrum of cytidine at m/z 244.1 (right) and the UV spec-
trum A, at 279.2 nm (left); B) uridine at m/z 245.2 (right) and 4,,,, at 262.6 nm (left); D) guanosine at m/z 284.5
(right) and 4,,,, at 254.4 nm (left); E) adenosine at m/z 268.3 (right) and 4,,,, at 257.9 nm (left). which are consis-
tent with the results reported by C. W. Gehrke."™ C) A monoisotopic mass of m/z 576.3 was identified immediately
after uridine components in the HPLC trace of the digest of tRNA (right), and exhibits a characteristic UV spectrum
(Amax=267.4 nm; left), which is not only different from adenosine, cytidine, guanosine, and uridine, but also differ-
ent from a similar analogue 4-methoxy-1-f3-p-ribofuranosyl-2-pyrimidinone whose maximal UV absorption spec-

trum is at 274 nm,""® and 4-thiouridine which is at 340 nm "

(4.4 um), and inorganic pyrophosphatase (0.03 U) were added, and
the reaction was followed by monitoring the increase of absorb-
ance at 360 nm. All assays were run in triplicate. Kinetic parameters
k..« and K, were calculated by fitting to a Lineweaver-Burk plot.

The unmodified tRNA was isolated as previously described."" A
single colony of VJS2890 (DE3) was used to inoculate LB medium
(1000 mL) and this culture was incubated overnight at 37 °C with
moderate shaking. The cells were harvested by centrifugation for
10 min at 5000g. The supernatant was decanted and the pellet
was resuspended in 10 mL of Tris (10 mm pH 7.4), MgCl, (1 mwm).
Using a vortex mixer, the cells were vigorously agitated for 1 min
with water-saturated phenol (10 mL) and the mixture was subject-

ChemBioChem 2008, 9, 1879 - 1882
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ing urea (7wm), and electrophore-
sis was performed using Tris
(90 mm)/boric acid (90 mm) and
EDTA (2 mm). The gel was then
exposed on an imaging plate and
visualized with a phosphoimager
(Fujifilm FLA3000).

The adenylated tRNAs were pre-
pared at 37°C in a reaction mix-
ture containing Tris (50 mm
pH 7.5), MgCl, (1 mm), unmodified
tRNA (12.8 um), ATP (2.5 mm), and
Thil (10 um). The adenylated and
unmodified tRNA digestions were accomplished by the method of
Gehrke et al."™ with slight modification. A solution (0.2 mL) con-
taining tRNA (5 nmol) was incubated for 2min at 95°C then
cooled to 37°C. Subsequently 0.2 mL of Tris (40 mm pH 7.5), NaCl
(1.2m), CaCl, (24 mm), MgCl, (24 mm), EDTA (2 mm), and BAL 31
nuclease (8 U) were added to this solution. The mixture (0.4 mL)
was incubated for 2 h at 37 °C followed with the addition of 0.4 mL
of Tris (500 mm pH 9.0), to adjust the pH and calf intestine alkaline
phosphatase (10 U). The solution was incubated for 2 h at 37°C,
the resultant nucleosides were directly analyzed by chromatogra-
phy. Otherwise the adenylated intermediate is unstable and could
not be detected by LC-MS after incubation for 2 min at 95 °C.
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The resultant nucleosides were collected in the supernatant after
centrifugation at 15000¢g for 10 min. The supernatants were ana-
lyzed by ESI LC-MS/MS (Agilent 1100 series LC/MSD Trap system)
with a Kromasil C8 (4.6 250 mm, 5 um) column. The flow rate was
0.3 mL min~" at RT. Eluent A was Milli-Q water with trifluoroacetic
acid (0.1%, v/v), and eluent B was acetonitrile (Merck) with tri-
fluoroacetic acid (0.1%, v/v). The HPLC conditions were 0 to
10.00 min with 1% B, 10.00 to 30.00 min with 5% B, 30.00 to
60.00 min with 35% B, and 60.00 to 70.00 min with 80% B. The
photodiode array detector (DAD) was set at 254 nm. The mass
spectrometer was run in positive ionization detection mode and
set to scan between 200 and 1200 m/z. The drying gas tempera-
ture was 350°C, the drying gas flow rate was 9.0 Lmin™', and the
nebulizer pressure was 275.8 kPa.
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An Improved Mechanism-Based Cross-Linker for Multiplexed Kinase
Detection and Inhibition in a Complex Proteome

Kai Liu,”™ Karunakaran A. Kalesh,”™ Li Bing Ong,"” and Shao Q. Yao*® ¢

Protein phosphorylation is the most prevalent event in cell sig-
naling.™ Despite decades of intensive research, there exist sev-
eral major challenges in the field of phosphoproteomics:
1) how does one identify new kinase-substrate pairs in the
ever-expanding phosphosignaling cascades, 2) how can one
detect multiple kinases in their native environment, and subse-
quently 3) look for potent and selective small-molecule inhibi-
tors 712 Existing biological and chemical methods have offered
invaluable tools for the identification of phosphorylated pro-
teins, as well as sites of phosphorylation.” Shokat et al. recent-
ly developed a mechanism-based cross-linker, OPA-AD (1,
Figure 1), that potentially allows researchers to use known
phosphoproteins/phosphopeptides to identify their upstream
kinases.” To detect kinases in their native environments, pro-
tein-based biosensors have routinely been used but offer limit-
ed success.”! Imperiali et al. recently developed a homogene-
ous fluorescence-based assay that enables multiplexed kinase
detection in cell lysates.” Activity-based probes (ABPs), based
on either reversible small-molecule kinase inhibitors or irrever-
sible ATP analogues, have also demonstrated good utilities in
large-scale kinase detection and identification.”” None of these
kinase-detecting methods, however, has thus far been expand-
ed to the screening and identification of inhibitors against spe-
cific kinase-substrate pairs in their native states. Herein, we
report an improved mechanism-based cross-linker, NDA-AD (2,
Figure 1), based on the originally reported 1, for multiplexed
detection and inhibition of kinase-substrate pairs in a complex
proteome.

When 1 was initially used in a complex proteome, we un-
expectedly discovered that it produces a large number of non-
specific cross-linking bands (Figure 1C and in the Supporting
Information) in addition to the one corresponding to the de-
sired kinase—-pseudosubstrate pair (i.e., a kinase peptide sub-
strate in which the S/T/Y phosphorylation site was replaced by
cysteine). This severely limits its potential applications.”! Thus
we aimed to modify the highly reactive o-phthaldialdehyde
(OPA) moiety in 1 and make it compatible with proteomic ex-

[a] K. Liu, Prof. Dr. S. Q. Yao

Deptartment of Biological Sciences, National University of Singapore
14 Science Drive 4, Singapore 117557 (Singapore)

Fax: (+65)67791691

E-mail: chmyaosq@nus.edu.sg

K. A. Kalesh, L. Bing Ong, Prof. Dr. S. Q. Yao

Department of Chemistry, National University of Singapore
3 Science Drive 3, Singapore 117543 (Singapore)

Prof. Dr. S. Q. Yao

NUS MedChem Program of the Office of Life Sciences
National University of Singapore

3 Science Drive 3, Singapore 17543 (Singapore)

=

[c

Supporting information for this article is available on the WWW under
http://www.chembiochem.org or from the author.

0

ChemBioChem 2008, 9, 1883 — 1888

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim N

periments. Consequently, 2 was designed to covalently trap
the transient kinase-substrate-ATP ternary complex formed
during the phosphorylation.”! With an adenosine moiety guid-
ing 2 to the ATP-binding pocket of a kinase, the naphthalene-
2,3-dicarboxaldehyde (NDA) group serves as a bifunctional
chemical that cross-links the proximal catalytic lysine residue
(from the kinase) and the cysteine residues (from the pseudo-
substrate); this generates a stable isoindole linkage between
the kinase—substrate pair (Figure 1B).”) We reasoned that NDA
would cross-link kinase-substrate pairs more specifically than
OPA, because of its more desirable chemical properties and
better structural fit in the kinase active site. In the current
study with 2 we demonstrate, for the first time, that 1) the
cross-linking strategy is compatible with both tyrosine and
serine/threonine kinases, 2)it can be used to cross-link the
desired kinase-substrate pairs in a crude proteome with high
specificity and sensitivity, 3) multiplexed detection of kinases in
their native environment is possible, and 4)screening of
potent and selective inhibitors of a given kinase-substrate pair
can be done in a complex proteome.

We first assessed whether 2 could serve as a general mecha-
nism-based cross-linker for both tyrosine and serine/threonine
kinases.®”! The cross-linking reactions were tested with a set of
six purified kinases, of which three are Tyr kinases (Csk, Src,
and Abl) and the other three Ser/Thr kinases (Erk1, Erk2, and
Pka). All kinases were recombinantly expressed and tested to
ensure their purity as well as enzymatic activities. Fluorescein-
labeled, cysteine-containing kinase pseudosubstrates were
chemically synthesized based on their known peptide sub-
strate sequences (Table 1)."” As shown in Figure 2A, incuba-
tion of each of the six kinases, regardless of whether they are
Tyr or Ser/Thr kinases, with their cognate pseudosubstrates in
the presence of 2 led to the successful cross-linking of the
kinase-substrate complex, as indicated by a fluorescent band
on the SDS-PAGE. All three components (i.e., kinase, pseudo-
substrate, and 2) were necessary as labeling was not observed
in the absence of any of them. No cross-linking was seen with
heat-denatured kinases; this indicates that cross-linking was
dependent on the active conformation of kinases. To test the
tolerance of the cross-linking towards exogenous thiols or
amines, the Pka-PKAtide pair was incubated with 2 with in-
creasing concentrations of [3-mercaptoethanol (BME) or lysine.
Similar to previous reports with OPA-AD, NDA-AD guided
cross-linking reactions were not affected by 200-fold excess of
exogenous thiols or 1000-fold excess of exogenous amines
(Supporting Information). Competition experiments were per-
formed with ATP and LRRASLG-OH (a Pka peptide substrate); a
1000-fold excess of either ATP or LRRASLG-OH was necessary
to completely block the cross-linking. To assess whether the
degree of cross-linking depends proportionally on the availa-
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Figure 1. A) Structures of ATP, OPA-AD, and NDA-AD. B) Scheme showing the cross-linking reaction of the kinase-pseudosubstrate-2 ternary complex. C) Im-
proved cross-linking specificity of a kinase-substrate pair in a crude proteome by 2 versus 1. Reactions were performed with Pka-PKAtide under identical con-

ditions (Supporting Information); left: Coomassie stained gel.

Table 1. Sequences of kinase pseudosubstrates used in our studies.

Name Sequence

CSKtide fluorescein-GG-KKKKEEICFFF
SRCtide fluorescein-GG-KVEKIGEGTCGVVYK
ABLtide fluorescein-GG-EAICAAPFAKKK
PKAtide fluorescein-GG-LRRACLG

ERKtide fluorescein-GG-ELVEPLCPSGEAPNQ

[a] The fluorescein-labeled, cysteine-containing pseudosubstrate for each
kinase was denoted “XXXtide” after the name of each kinase. [b] The
sequences of the pseudosubstrates were based on reported optimal pep-
tide substrates for the kinases, with a cysteine mutation in the phosphor-
ylation site (bold).

1884

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

bility of the kinase active site, different amounts of the kinase
were cross-linked. In addition, the same amount of a kinase
was cross-linked in the presence of different amounts of staur-
osporine (ST)—a general kinase inhibitor.""! Both results con-
firmed the dose-dependent nature of the cross-linking against
the active kinase. Also shown in Figure 2B, the gel-based in-
hibition results could be conveniently plotted to generate the
corresponding ICs, curves so as to obtain quantitative data of
the tested kinases against ST; results gave an ICg, value of
1016 and 19.9 nm for Csk and Pka, respectively, which is in
close agreement with previous literature values." All these

ChemBioChem 2008, 9, 1883 — 1888
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+ + — + + Peptide (1um) + 4+ — + + Peptide(1pum) (Figure 3, graphs). In general, the substrate preferen-
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S s (140 nv) I k2 (116 ) forms. The high fidelity of 2-guided cross-linking of
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specific kinase-substrate pairs again indicates the
potential of its application in real proteomic experi-

B) ST (nm) : gi: E:gsa : 13196%') ments.

—— ] D 1004 A We next assessed the 2-guided cross-linking of

0 10 30 120 600120010 ‘g specific kinase—substrate pairs in a crude proteome.

Cak f; 50- Lysates from the E. coli DE3 strain were used as the
ra N crude proteome and spiked with the target kinase
v = 5 (i.e., Csk or Pka). Subsequently, the corresponding

Figure 2. Cross-linking of 2 with purified kinases. A) Fluorescence-scanned gels showing
cross-linking profiles of 2 against three different Tyr kinases (left) and three different Ser/
Thr kinases (right). B) Cross-linking profiles of Csk and Pka with their pseudosubstrates in
the presence of various amounts of staurosporine and the corresponding ICs, curves
(right). ST: staurosporine; % labeling: the relative fluorescence of cross-linked kinase in
the presence of inhibitor (100%: no inhibitor). All experiments were performed in dupli-

cate.

lines of evidence indicate the robustness of the cross-linking
reaction by 2 and its potential applications to study kinase—
substrate interactions and inhibition in a complex proteome.
To determine the specificity of the cross-linking, Csk and Pka
were taken as model kinases and tested against the full set of
five fluorescein-labeled pseudosubstrates. As shown in
Figure 3, the strongest labeling was observed for a kinase with
its cognate pseudosubstrate. Some noticeable “cross-talk”,
however, was observed between the kinase and other pseudo-
substrates. For example, as much as 30-40% cross-linking was
observed between Csk and SRCtide (assume 100% cross-link-
ing for Csk/CSKtide). Similarly, up to 20% cross-linking was ob-
served between Pka and SRCtide (assume 100% cross-linking
for Pka/PKAtide). We wondered if this was due to the well-
documented promiscuous nature of the kinases in their sub-
strate recognition.”? We therefore performed an in situ phos-
phorylation assay using the commercially available Kinase-
Glo™ Plus kit.'"? Both results from the cross-linking experi-

2 3
Log[Iinh])/nm

2 3

0

1]
o

% Activity

O cross-linking
mphosphorylation
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a s WKN

Figure 3. Specificity of 2-guided cross-linking. Top panels: fluorescence gel images of Csk
(left) and Pka (right) cross-linked with five pseudosubstrates. Lower panels: comparison
of kinase substrate preferences as determined by cross-linking and phosphorylation
assays. % Activity: the relative extent of cross-linking or phosphorylation of a kinase

versus different substrates (100%: kinase with its cognate substrate).
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fluorescein-labeled pseudosubstrate together with 2
was added. For comparison, identical experiments
were performed with 1, OPA-AD. As shown in Fig-
ure 4A, highly specific cross-linking between Csk-
CSKtide and Pka-PKAtide pairs was observed with 2,
but not with 1 (Supporting Information) in the pres-
ence of the bacterial proteome. It should be noted
that no known kinases are present in the E coli DE3
proteome. The detection limit of the cross-linking in
the crude proteome was further determined by incubating 2,
the pseudosubstrate, and serial dilutions of the kinase; as little
as 20 ng (0.3% of total proteome) for Pka and 200 ng (3% of
total proteome) for Csk were detectable. The tenfold higher
detection limit of Csk might be due to its intrinsically lower
enzymatic activity."® Our results thus provide the first docu-
mented example of cross-linking kinase-substrate pairs in a
proteomic experiment.

Many kinases are proven therapeutic targets. Yet highly
potent and specific inhibitors against select kinases are rela-
tively scarce because of their propensity to inhibit multiple
kinases." Therefore, much effort in kinase research has been
spent on developing strategies capable of rapidly screening
potential kinase inhibitors that address issues related to effica-
cy, selectivity, and safety.™” Most kinase inhibitors developed
thus far have been identified from in situ assays that involve
the use of recombinant enzymes. As a result, off-targets of the
inhibitors often escape unnoticed. Recent advances in activity-

based protein profiling (ABPP) have shown that with
suitably designed activity-based probes that target
specific enzymes, one can screen inhibitors against
multiple enzymes in their native environment; this
ensures that both the potency and selectivity of
these inhibitors are concurrently evaluated."® In our

study, the highly efficient and specific cross-linking
CSKt_'de ability of 2 has presented a good opportunity for the
PKAt!de strategy to be used for inhibition studies of kinases
ERKtide . ; ;
SRCtide M the crude proteome. To confirm this, we per-
ABLtige formed dose-dependent inhibition of Csk-CSKtide

and Pka-PKAtide pairs in the bacterial proteome. As
shown in Figure 4B, a concomitant decrease in the
fluorescent band was observed with increasing
amounts of staurophorine. The cross-linking results
were further quantified and plotted to generate the
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corresponding inhibition curves. The obtained ICs, values (6.49
and 40.24 nm for Csk and Pka, respectively) were only 2-5-
times higher than that obtained with pure enzymes (e.g., Fig-

to Pka.'™ Work is underway to further characterize the identity
of these unknown bands and results will be reported in due
course.

ure 2B); again this indicates the feasibility and relia-
bility of our strategy for inhibitor screening of kinases
in crude lysates.

We next assessed whether the cross-linking strat-
egy could be used for multiplexed detection of
kinase activities, as well as their inhibition, in their
native environment. Specifically, we asked whether
this approach can selectively identify the activity of
one kinase in the presence of another, and whether
the quantification of the activity of this kinase can be
affected by another more abundant kinase. As shown
in Figure 5A, by spiking increasing amounts of Pka (0
to 200 ng) and a fixed amount of Csk (400 ng) into
the same bacterial proteome, followed by cross-link-
ing with 2 and either PKAtide or CSKtide individually,
or together, we were able to detect highly specific
cross-linking of Pka-PKAtide and Csk-CSKtide pairs
separately and/or together. Furthermore, the pres-
ence of the more abundant Csk (400 ng in this case)
did not appear to have any noticeable effect on the
detection of the less abundant Pka (40 ng in lanes 2,
or 10% of Csk). This is a crucial feature of multiplexed
experiments in a crude proteome in which multiple
endogenous kinases are inevitably present at differ-
ent expression levels.™ Next, to assess how the multi-
plexed kinase detection strategy could be extended
for inhibitor discovery, the above experiments were
repeated with increasing amounts of staurosporine
(Figure 5B). Between 10 to 500 nm of ST was suffi-
cient to completely abolish the Pka-PKAtide cross-
linking; this is consistent with its earlier determined
IC5, value of ~40 nm against Pka. Partial cross-linking
of Csk-CSKtide pair was still observed even with
25 um of ST, which further confirms the poor potency
of ST against Csk. Taken together, results herein indi-
cate multiplexed kinase detection and inhibition in a
complex proteome is possible with 2 and our strat-
egy described herein.

Finally, we tested whether 2-guided cross-linking
experiments could be extended to the detection of
kinases expressed endogenously in cells. Pka was
again used as our model kinase as it is ubiquitously
expressed in most mammalian cells. To do this, CHO-
K1 lysate was treated with 2 and PKAtide, followed
by SDS-PAGE analysis, fluorescence scanning, and
Western blotting with an anti-Pka antibody. As
shown in Figure 6 (left) a number of cross-linked
bands were detected, one of which was attributed to
the endogenous Pka and was unambiguously con-
firmed by both Western blot (right) and Pka-spiked
experiments. Other fluorescent bands were likely
cross-linked products between other endogenous
kinases and PKAtide. This is possible because PKAtide
might be the substrate of multiple kinases in addition
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Figure 4. The 2-guided cross-linking in crude lysates. A) Fluorescent gels showing cross-
linking in a bacterial proteome spiked with different amounts of a kinase. B) Kinase inhib-
ition by ST in a complex proteome and the corresponding ICs, curves (right). % Labeling:
the relative fluorescence of cross-linked kinase in the presence of the inhibitor (100%: no
inhibitor).
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Figure 5. A) Multiplexed kinase detection in a complex proteome. An increasing amount
of Pka (0 to 200 ng) and a fixed amount of Csk (400 ng) were used. Gels (left to right)
represent cross-linking with CSKtide, PKAtide, or a CSKtide/PKAtide mixture, respectively.
Graphs: quantification of fluorescent bands from the corresponding lanes (above).

B) Multiplexed kinase inhibition in a complex proteome with increasing amounts of
staurosporine (ST); see the Supporting Information for details.
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Figure 6. Detection of endogenous Pka expression in CHO-K1 cell lysate by
2-guided cross-linking. CHO-K1 cell lysates (6 pg), with or without spiked
Pka (400 ng), pseudosubstrate (2 um), NDA-adenosine (20 pm) in the reac-
tion buffer were incubated for 40 min at room temperature before SDS-
PAGE analysis. After fluorescence scanning, proteins were transferred to
PVDF membrane and probed with anti-Pka antibody.

To conclude, using an improved mechanism-based cross-
linker, 2, we demonstrated for the first time a general chemical
approach for the identification of multiple kinase activities di-
rectly from the whole proteome. With both purified enzymes
as well as kinases present in a crude lysate, we showed un-
equivocally that the strategy is compatible with not only
serine/threonine kinases, but also tyrosine kinases. Preliminary
results indicated that the method is robust enough to cross-
link endogenous kinases in mammalian cells."” Our results also
indicated that the approach was useful for multiplexed detec-
tion and kinase activities present in a proteome, and is amena-
ble for potential screenings of potent and selective inhibitors
of kinases in their native environments. The establishment of
the highly specific and sensitive NDA-adenosine guided cross-
linking reactions with desired kinase-substrate pairs in their
native states represents a step forward towards the creation of
novel chemical tools in cell signaling and drug discovery. Stud-
ies are in progress to extend the use of this method for the
cross-linking of other kinases and their protein substrates.

Experimental Section

Chemical synthesis of NDA-adenosine and general peptide synthe-
sis procedures are reported in the Supporting Information. OPA-
adenosine, 1, was synthesized as previously reported.”

Unless otherwise indicated, standard cross-linking reactions were
performed as follows: fluorescein-labeled, cysteine-containing, pep-
tide pseudosubstrate (1.0 pm), NDA-adenosine 2 (20 um), and a
desired amount of the kinase (100 to 140 nm) were incubated in
20 pL of the reaction buffer (25 mm HEPES at pH 7.5, 150 mm Nadl,
2mm MgCl,) for 20 min at room temperature before SDS-PAGE
analysis and fluorescence scanning. For inhibition experiments,
cross-linking experiments were carried out with various amounts
of the general kinase inhibitor, staurosporine.

In situ kinase assay was carried out by using a Kinase-Glo™ Plus Kit
(Promega). Briefly, the kinase (12.5 nm for Pka and 14 nm for Csk),
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an original peptide substrate (100 pum), and ATP (100 pm) in the
kinase reaction buffer (20 uL; 25 mm HEPES at pH 7.5, 10 mm
MgCl,, 0.1% [-mercaptoethanol, 100 um Na;VO,) were incubated
for 20 min at room temperature. Subsequently, Kinase-Glo™ Plus
reagent (20 pL) was added. The resulting luminescence was detect-
ed by using a Tecan microplate reader, and the amount of phos-
phorylation was calculated for each kinase-substrate pair by fol-
lowing the manufacturer’s instructions.

For the cross-linking of kinase-pseudosubstrate pairs in crude ly-
sates, the bacterial proteome was prepared as described in the
Supporting Information and spiked with the desired amount of
kinase, with or without staurosporine. Subsequently, pseudosub-
strate (1 um) and 2 (20 um) were added and the reaction (20 plL; in
25 mm HEPES at pH 7.5, 150 mm NaCl, 2 mm MgCl,) was incubated
for 20 min at room temperature before SDS-PAGE analysis and
fluorescence scanning.

For the mammalian proteome, CHO-K1 cells (American Type Cul-
ture Collection) were grown in DMEM (90%), fetal bovine serum
(10%), glutamine (2mm), and penicillin and streptomycin
(100 mgmL™" each) to confluence. Cells were trypsinized and cen-
trifuged. Cell pellets were resuspended in homogenization buffer
(10 mm HEPES at pH 7.4, 1 mm EDTA, 150 mm NaCl, 10% glycerol,
and complete protease inhibitor mixture). The cells were sonicated
(complete lysis: 10 rounds of 1 s on, and 4 s off, at 25% amplitude).
The protein concentration of whole lysates were quantified by
using the Bradford assay (Biorad) and adjusted to 10.0 mgmL™".
Samples were divided into aliquots, stored at —80°C, and used for
subsequent cross-linking experiments. For the detection of endog-
enous Pka expressed in CHO-K1 cells, cell lysates (6 pg) with or
without spiked Pka (400 ng), PKAtide (2 um), and 2 (20 pm) in reac-
tion buffer (25 mm HEPES at pH 7.5, 150 mm NaCl, 2 mm MgCl,)
were incubated for 40 min at room temperature before SDS-PAGE
analysis. After fluorescence scanning, proteins in SDS-PAGE gels
were then transferred to a PVDF membrane and subsequently
blocked with BSA (5%) in PBST. Membranes were incubated, over-
night, at 4°C with anti-Pka antibody (1:500, Santa Cruz Sc-28892)
in 5% (w/v) BSA/PBST, together with the SuperSignal West Pico kit
(Pierce).
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Submicromolar, Selective G-Quadruplex Ligands from One Pot:
Thermodynamic and Structural Studies of Human Telomeric DNA Binding

by Azacyanines

Ozgiil Persil Cetinkol,” Aaron E. Engelhart,”” Rupesh K. Nanjunda,™ W. David Wilson,” and Nicholas V. Hud*®

The discovery of G-quadruplex structures in nucleic acid se-
quences associated with cancers has created intense interest
in G quadruplexes as potential drug targets." These four-
stranded structures, with planar G tetrads represent appealing
DNA targets (Figure 1A), as they are structurally distinct from
the Watson-Crick duplex of most genomic DNA. Small mole-
cules with high affinity and high selectivity for G quadruplexes
have even begun to show medicinal promise, although the
connection between G-quadruplex binding and in vivo activity
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Figure 1. Structures of A) a G tetrad, and G-quadruplex ligands: B) the aza-
cyanines, C) TmPyP4, and D) BRACO-19.
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might not always be obvious."¥ As one promising example,
quarfloxin, an antineoplastic that targets the rRNA-nucleolin
complex, is presently in phase Il clinical trials."”

Most investigators who seek new ligands for G-quadruplex
DNA have followed two common strategies. First, they have fo-
cused on heterocycles with a relatively large and planar surface
area, which maximizes stacking with the about 1 nm? surface
of a Gtetrad (e.g., TmPyP4, Figure 1C).®! Second, many have
used multiple charges to increase electrostatic interactions
with the high-charge density G quadruplex (e.g., BRACO-19,
Figure 1D) and to enhance the solubility of potential ligands
(often necessary for ligands with large hydrophobic surfaces,
e.g., TmPyP4). While these strategies have resulted in several
high affinity ligands for G quadruplexes, most ligands do not
exhibit high selectivity over duplex DNA.

Recently, several metallated quadruplex ligands have been
reported with substantial selectivity for quadruplex DNA.®' As
the authors have suggested, this could be, in part, due to
interactions between the metal ion and the lone pairs of the
carbonyl oxygen atoms of the exterior quartets, which are not
accessible in duplex DNA. Higher-throughput, more combina-
torial approaches have begun to show promise as well. For ex-
ample, Balasubmaranian and co-workers have recently demon-
strated dynamic combinatorial selection of quadruplex ligands
by disulfide bond formation with a thiol-containing scaffold
and side chains.”

We have taken a different approach to targeting the G qua-
druplex. We previously discovered that a planar molecule
larger than a typical DNA intercalator can selectively bind
purine-purine base pairs.”’ Based upon this discovery, we hy-
pothesized that planar, monocationic molecules that are mar-
ginally too large to intercalate a Watson—Crick duplex, such as
bispurine analogues, might selectively bind G quadruplexes.
We report a new class of selective, submicromolar quadruplex
ligands with a facile synthetic route: the azacyanines (Fig-
ure 1B). The synthesis of azacyanines was previously reported
by Kurth and co-workers; the route is one-pot and workup is
by filtration.®! The route is general and succeeds for aminoben-
zimidazoles and aminobenzothiazoles. The synthetic ease
makes the class amenable to library preparation for high-
throughput screening.

We investigated the binding of azacyanines to a G-quadru-
plex sequence, based on the human telomeric repeat d(TTA-
GGQ@),, for which a solution-state structure has been reported:
tel24 [d(TTGGG(TTAGGG);A)].” To ascertain discrimination
against duplex DNA, we also conducted binding studies with
calf thymus DNA and two isomeric oligonucleotides, dd1
[d(GCGCATATATGCGC)] and dd2 [d(GCGCAAATTTGCGC)]. Oligo-
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nucleotide dd2 was specifically designed with an A-tract
sequence element that is associated with a narrow minor
groove, which typically favors interaction with groove-binding
ligands."”

The binding of aza3 to tel24 was first examined by UV/Vis
and CD spectroscopy. In the presence of tel24, the longest
wavelength absorption band of aza3 was red-shifted and
hypochromic (Figure 2A), and a weak induced band was ob-
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Figure 2. Long wavelength regions of UV/Vis and CD spectra of aza3 with

tel24. A) UV/Vis spectra of aza3 and tel24 (1:1) at 5°C (s++++) and 95°C (—).
B) CD spectra of aza3 and tel24 at 5°C (1:1; e« ) and of tel24 in the absence
of aza3 (—). Insert shows full CD spectra; aza3 gave no CD signal in the

absence of DNA.

served in the CD spectrum (Figure 2B). Assessment of the UV/
Vis absorption of the G quadruplex as a function of tempera-
ture also revealed that the presence of one equivalent of aza3
enhanced the thermal stability of tel24 relative to the unli-
ganded species, and raised the T,, from 65 to 67°C. The en-
hanced thermal stability of tel24 in the presence of aza3 and
the spectral changes observed for aza3 in the presence of
tel24 are all characteristic of ligand binding in the chiral envi-
ronment of DNA.

The binding and structural selectivity of aza3 was character-
ized quantitatively by fluorescence titrations of aza3 with vari-
ous nucleic acids (Figure S1 in the Supporting Information).
The ligand exhibited a profound structural preference, with
about 100-fold selectivity for G quadruplex versus duplex DNA
(Table 1). Compound aza3 was near what is considered the low
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Table 1. Association constants determined by fluorescence spectroscopy
for aza3 with various DNA sequences.

Sequence Association constants [M~']

1.28x10°+ (2.5% 10%)
9.2x10°£(1.7x10%)
6.13x10°+(1.2x 10%)
1.14x10* £ (2.0x 10%)

tel24 [d(TTGGG(TTAGGG);A)]
calf thymus DNA

dd1 [d(GCGCATATATGCGC)]

dd2 [d(GCGCAAATTTGCGC)]

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

end of binding constants (10°-10°m™") for Watson-Crick li-
gands and near the high end for quadruplex ligands (10°-
10’ m7"); this result supports our size-selection hypothesis.™
Additionally, aza3 bound more weakly to dd2 than dd1, which
provides some evidence against groove binding.

Titration of aza3 into a sample of tel24 (2 mm) revealed that
the ligand was in intermediate exchange on the NMR time-
scale. A number of resonances broadened in a site-specific
fashion; this is consistent with the local chemical environment
of various residues being perturbed differentially by ligand
binding. The 1D 'H NMR spectra of tel24 in the presence of
increasing concentrations of aza3 are shown in Figure 3. Reso-
nance line broadening was characterized by the fitting of Lor-
entzian functions to resolved resonances in 1D spectra, and by
measuring the heights of aromatic-H1’ cross-peaks in 2D
NOESY spectra (Figure S2). As a qualitative method of deter-
mining the ligand-binding site, the rate of decrease of the
NOESY aromatic-H1" cross-peaks intensities as a function of
aza3 concentration was examined (Figure S3). The residues
were separated into three groups based on their apparent sen-
sitivity to the presence of aza3. The solution structure of tel24
determined by Luu et al.®® is shown in Figure 4 with the resi-
dues colored according to these three groups. This representa-
tion illustrates the localized binding of aza3 to tel24.

Luu et al. reported that an A-T pair is formed by T1 and A20,
and a reverse A-T pair is formed by T13 and A24—each being
stacked on G tetrads on opposite sides of the quadruplex. In-
terestingly, broadening occurs for both the aromatic residues
of the external G tetrads and these A-T base pairs (Figure 4);
this provides support for a mixed intercalation-exterior-stack-
ing mode of binding (i.e., between the exterior tetrads and the
capping A-T base pairs of the loops). The NMR spectroscopy
data indicate that the primary binding site lies between the
G tetrad and T13:A24 base pair (Figure 4B). A secondary weak
binding site is also observed on the opposite side of the quad-
ruplex between the Gtetrad and the T1-A20 pair. The NMR
spectroscopy data do not support a groove-binding mode of
interaction; this is consistent with our results from fluores-
cence titration of aza3 with dd1 and dd2.

“Model-free” ITC titrations (i.e., at very low ligand:binding
site ratios) of aza3 into tel24 were performed to better charac-
terize the thermodynamics of the interaction. A AH of —2.7+
0.14 kcalmol™" was obtained (Figure S4). With the 1.3x10°m™"
association constant determined by fluorescence titrations, this
datum implies a AG of —8.3 kcalmol™ and a remarkable —TAS
of —5.6 kcalmol™. There is a paucity of thermodynamic data
on quadruplex-ligand interactions, but such entropy-driven
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A20H2 \G10H8 [TQHG T12H6 A24H2 G1§H8 - ”
ASHS A8H2 GSH8| / G17Hs | " T19He Additionally, we have tested

Eq.aza3

the binding affinity of all three
azacyanine compounds to tel26
(Table 2), a 26-nucleotide DNA
sequence that was also derived

ABH1'
Ti3H6 |
/L/\
0.40 _~\_
/\/\ from the human telomere se-
0.35 quence and has a similar fold to
0.30 A\ tel245 Al three azacyanines
0.25 /\/\ Zho(\j/ved sifrPiIar strong rl)rimary
inding affinities to tel26 as
0.20 D VAN g armn
J\/\ well; this indicates that the ob-
0.15 served high affinity is general for
0.10 J\/\ this particular quadruplex fold
0.05 AN\ (Table2).
M SPR experiments were also
0-00 performed with intramolecular
T T T T T T T T T
8.6 8.4 8.2 8.0 7.8 7.6 7.4 72 6.6 duplex strands dd3  [d(CGA-
< ppm ATTCGTTTTCGAATTCG)], dd4
[d(CGCGCGCG CGCGCGCG)],
Figure 3. Aromatic region of '"H NMR spectra of tel24 in the presence of 0 to 0.50 molar equivalents of aza3. and dd5 [d(CCATATATATATATA-

Figure 4. A) The solution state structure of tel24 (PDB ID code: 2GKU); the
residues are colored according to the rate of NOE attenuation per equivalent
aza3 (red: high; orange: medium; yellow: low). For clarity, hydrogens and
phosphate oxygens are not shown. B) A schematic representation of aza3
bound tel24, based on NOE attenuation data, in which aza3 is positioned
between the A-T base pair of T13 and A24 and G23 of the terminal G quar-
tet. For clarity, the loop bases are not indicated, except for those of T13 and
A24.

binding has been reported previously for a remarkably differ-
ent, tetracationic ligand, TmPyP4.'?

Finally, the binding of a broader spectrum of azacyanines
(aza3, aza4, aza5) to tel24 was characterized by fitting the
steady-state surface plasmon resonance (SPR) response versus
ligand concentration for SPR chips with surface-tethered tel24
DNA. All ligands exhibited tight binding; this suggests that
G-quadruplex binding is general to this class of compounds.
Association and dissociation kinetics were rapid, as expected
from small, planar ligands with small substituents. The synthet-
ic accessibility of these compounds suggests substituent varia-
tions could be a promising avenue by which to modulate the

ChemBioChem 2008, 9, 1889 - 1892
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Table 2. Association constants determined by using SPR for aza3-5 with
tel24 [d(TTGGG(TTAGGG);A)], and tel26 [d(AAAGGG(TTAGGG);AA)].

Compound Sequence Association constants
[Mfw][a]
aza3 tel24 3.1x10°
tel26 4.1x10°
aza4 tel24 3.0x10°
tel26 3.0x10°
aza5 tel24 2.9x10°
tel26 4.7x10°

[a] In addition to the association constants shown for the single strong
binding site, all compounds have one or two much weaker binding sites
(about 2x10°m™"). Association constants for duplex sequences were too
low to be determined by using the same experimental procedure.

TAGCCCCCGCTATATATATATATATGG)]; the hairpin loop regions
are underlined. These strands contain a variety of sites known
to favor various modes of ligand binding in duplex DNA,
including A-tracts and both pyrimidine-purine steps.

The azacyanine ligands bound poorly to all duplex DNA
strands investigated and the SPR data could not be fit to an
exponential binding curve. The upper limit for the K* in each
aza3- and aza4-dsDNA (double stranded DNA) pair is there-
fore 10°m™"; this is consistent with our fluorescence data.
Remarkably, no aza5-duplex interaction was detected under
the SPR conditions used (Figure S6). Fluorescence binding data
confirm that these ligands exhibit marked selectivity for quad-
ruplex over dsDNA—over 100-fold in the case of aza5.

G-quadruplex ligands hold great promise for use in the
treatment of human disease. A common and valid critique of
their medicinal utility relates to the gravity and wide range of
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off-target effects associated with binding to Watson—Crick
DNA. Only by ameliorating such effects is the G quadruplex a
viable drug target. We have shown that a bispurine analogue,
which is apparently slightly too large to intercalate purine-pyr-
imidine base pairs, exhibits strong and selective association
with a G quadruplex. Kurth’s synthetic route to azacyanines
provides a general and perhaps the most practical means thus
far for the preparation of selective G-quadruplex ligands. A
promising avenue for future research will be the decoration of
azacyanines with the appropriate functional groups to bind
specific promoter-related quadruplexes selectively, as Hurley
and co-workers have shown is possible with quarfloxin.'”

Experimental Section

Oligonucleotides: Unmodified oligonucleotides were purchased
from Integrated DNA Technologies (Coralville, 1A, USA) with stan-
dard desalting and were filtered before use. For SPR, 5'-biotinylat-
ed oligonucleotides were purchased from Midland (Midland, TX,
USA) with HPLC purification.

Buffer conditions: NMR spectroscopy, fluorescence, ITC, CD, and
UV/Vis experiments were performed in KCl (70 mm), potassium
phosphate (25 mm, pH 7). SPR experiments were performed in
degassed HEPES buffer (10 mm HEPES, 100 mm KCl, 3 mm EDTA,
5 ppm, v/v, of 10% P20 BIACORE surfactant, pH 7.4).

Azacyanines: All azacyanines were prepared as described by Kurth
and co-workers® and characterized by using '"H NMR and *C NMR
spectroscopy, and HR-ESI-MS. The structure of aza3 was also con-
firmed by X-ray crystallography. CCDC 671506 contains the supple-
mentary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif

Instrumentation: NMR spectroscopy experiments were performed
by using a Bruker DRX500. UV/Vis was performed by using an Agi-
lent 8452. CD spectroscopy was performed by using a Jasco J-810.
ITC was performed by using a MicroCal VP-ITC. All SPR was per-
formed by using a Biacore 2000.

Detailed information on experimental techniques, where applica-
ble, is provided in the Supporting Information.
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DNA Labeling by Ligand Inducible Secondary Structure

Tao Peng, Hanping He, Masaki Hagihara, and Kazuhiko Nakatani*

Since the human genome sequence has been determined, de-
tection of the nucleotide base at the site of single nucleotide
polymorphisms (SNPs) is one of the topics of current chemical
research. Simple, accurate, and cost effective methods of SNP
typing would be necessary for personalized medicine. Towards
this end, a number of SNP typing methods have been investi-
gated and reported."? Most of these methods required an
allele-specific oligonucleotide (ASO) as a probe, which was
modified by fluorescent dyes and/or other chemicals as a
reporting tag.”’ A drawback of the use of ASO probes was the
necessity for the discrimination or separation of a fully
matched duplex from a singly mismatched duplex produced
by hybridization of ASO probes to the target DNA. In addition,
the ASO probes were mostly used after PCR amplification of
the DNA samples being tested. The separation of the target
strand from the duplex or selective amplification of

the target strand by asymmetric PCR was necessary  p)
for the effective hybridization of ASO probes. Thus,

SNP typing methods that are operational during the \
amplification process would be more favorable than

those postamplification methods from the viewpoint o
of a simple analytical procedure. On the basis of the
accumulated knowledge on SNP typing, the next
chemical challenge concerning SNP typing? is to
propose truly practical methods that are applicable
to SNP in any sequence. We report herein, our
chemical approach to practical SNP typing based on
allele-specific PCR integrated with a new concept of 3
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ing the double stranded DNA produced,” pyrophosphate,®
and a signal and/or fragments produced from reporter DNA
probes have been studied for monitoring PCR progress. We
have investigated a new concept for labeling PCR primers by
LISS to monitor the progress of PCR by detecting the amount
of the PCR primer, which would be decreasing as the PCR pro-
gresses. The chemical basis of LISS is selective ligand binding
to the single stranded DNA, resulting in a large structural
change of the DNA. The requirement of structural change on
ssDNA reduced the chance of ligand binding to dsDNA, for
example, PCR products. The PCR primer was labeled at the
5-end with a short single stranded tag of the trinucleotide
repeat sequence (TRS-tag). We have examined d(TGG), as the
TRS-tag for labeling the PCR primer, because 1) a single strand-
ed d(TGG), sequence does not have stable secondary struc-
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DNA-labeling by ligand-inducible secondary struc-

ture (LISS).

. 5' Y
PCR is currently one of the most fundamental -~ -
technologies in biology. Besides the original purpose PCR 3'reverse®
of amplifying DNA fragments, PCR provides informa- Ll
tion regarding the presence or absence of a particu- 5-(TGG),-3' 3 after PCR
lar DNA sequence in the sample DNA.® PCR is rec- FE T R ;
ognized as an important tool for reliable diagnosis I
3'-(ACC),-5' 5

of infectious diseases and detection of genetic varia-
tions.*® Allele-specific PCR (AS-PCR) detects point
mutations depending on a match or mismatch base
pair between the 3’ terminus of the primer and the
template sequence.” Allele specificity in PCR would
rely on the high fidelity of DNA polymerase in addi-
tion to improved primer design."*” Methods detect-
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Figure 1. A) Structure of NCD and the mode of NCD binding to the G-G mismatch in the
5'-TGG-3'/5'-TGG-3' sequence. B) lllustration of PCR with the TRS-tagged primer consist-
ing of a d(TGG),-tag (red) and a priming sequence (green). The single stranded d(TGG),-
tag in the primer was converted into a double stranded d(TGG),/d(CCA), by the synthesis
of the complementary d(CCA), (yellow).

tures that may interfere with the polymerase reaction, and
2) we have a naphthyridine carbamate dimer (NCD) that binds
to the TGG/TGG sequence containing three contiguous T-G,
G-G, and G-T mismatches with concomitant flipping out of
the thymine (Figure 1)."” The TGG/TGG sequence is the one of
possible sequences when the d(TGG), produced a hairpin sec-
ondary structure. We anticipated that NCD would bind to the
d(TGG),-tag by inducing a structural change from the single
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stranded form to the hairpin secondary structure involving re-
peats of TGG/TGG in the hairpin stem. As the PCR proceeded,
the single stranded d(TGG),-tag in the primer will be trans-
formed into the duplex d(TGG),/d(CCA), in the products, which
may not be susceptible to the NCD-binding. The relative
amount of the d(TGG),-tagged primer determined with the
NCD-immobilized surface plasmon resonance (SPR) sensor
before and after PCR would provide information regarding the
PCR progress. In fact, PCR progress was successfully monitored
by the SPR detection of the d(TGG),,-tagged primer with NCD-
immobilized sensor. The combination of TRS-tagged primer
with allele-specific PCR provided us a practical method of SNP
typing, which does not require any ASO probes with chemical-
labeling.

We first investigated the NCD binding to the single stranded
d(TGG), and the double stranded d(TGG),/d(CCA),. The UV-
melting profiles of d(TGG), d(TGG), and d(TGG),, did not
show any significant absorption changes (Figure 2A), indicat-
ing the absence of particular secondary structures for d(TGG),.
In the presence of NCD, a distinct and sigmoidal increase of
the absorption was observed to give the melting temperature
at 78°C for d(TGG),, 85°C for d(TGG),, and 92°C for d(TGG),,.
The melting temperature of duplex d(TGG),,/d(CCA),, is 81°C,
which was not affected by NCD (Figure 2B). CD spectra of d-
(TGG),, showed a large structural change upon binding of NCD
with a strong induced CD at the region of the NCD absorption.

Appearance of the isodichroic points suggested a smooth
structure change from d(TGG),, to NCD-bound d(TGG),,. The
binding of d(TGG),, to NCD was clearly detected at 100 nm by
SPR with the NCD-immobilized sensor (Figure 2D)."" The short
repeat d(TGG), needed 1 um for detection (Figure S1). These
binding studies clarified that 1) NCD binds to the single strand-
ed d(TGG),, but not to the double stranded d(TGG),/d(CCA),
and 2) d(TGG),, will be suitable for the TRS-tag with regard to
the sensitivity to the NCD-immobilized SPR sensor.

Having confirmed the selective NCD-binding to single
stranded d(TGG),, we then looked at PCR with the primer
having the d(TGG),-tag and the detection of the d(TGG),-
tagged primer with the NCD-immobilized SPR sensor. PCR was
performed with d(TGG)s- and d(TGG),,-tagged primers (1 um)
on a template pUC18 and compared to the unlabeled primer.
The PCR products were analyzed by PAGE (Figure 3A). The PCR
product with a unlabeled primer was 70 bp in length, whereas
those with d(TGG)s- and d(TGG),,-tagged primers were 88 and
100 bp, respectively. The three PCR products in lanes 2, 4, and
6 showed a different mobility on the gel, indicating that PCR
with three primers effectively proceeded and that the d(TGG),
and d(TGG),,-tags attached at the 5’ end of the primer did not
interfere with the PCR. The solution of PCR using d(TGG),,-
tagged primer was analyzed without purification with the
NCD-immobilized sensor before and after PCR cycles (Fig-
ure 3B). The intensity of the SPR signal at 200 s was 96 re-

sponse unit (RU) before PCR,
whereas the signal decreased to

A) 24 n=10+ B 1.7 ; 51 RU after 35 PCR cycles. With
2.2-/_____/// 1.64 unlabeled primer (lacking the d-
2] 10 1 5] (TGG),4-tag), the SPR signal ob-
18 T N tained for the PCR solution was
" =6+ 1.44 about 20 RU under the same
< 1'6'/___._/ < 13 analytical conditions, and was
1.44 n=5- ' virtually unchanged before and
1_2.¢+ 1.29 after the PCR cycles (Figure S2).
1 114 Both PAGE and SPR analyses
n=4- | suggested that the decrease in
0'80 2'0 4'0 Gb SIO 160 0 2I0 4I0 éo 8I0 160 SPR signal by about 45 RU for
T/°C T/°C the PCR solution using the d-
C) 6x10°- D) 50 (TGG),o-tagged primer was due
T to the consumption of the

< ax10°] T 401 primer.
E ! ?g m % The potential of PCR using
5 o105 T 0 i the TRS-tagged primer were in-
g l g 204 vestigated with AS-PCR. AS-PCR
> 0 was investigated for the G at
S 10+ the nucleotide position 375 of
® ox10° pUC18. The nucleotide at the
3’-end of the match primer was
4x10° : . . ' 10 ‘ . ‘ . ‘ . C, whereas that of the mis-
200 250 300 350 400 0 50 100 150 200 250 300 match primer was A (Figure 3Q).
Alnm t/'s These primers were used with

Figure 2. A) The UV-melting profiles of d(TGG), (5 um) (n=4, n=6, n=10) in the absence (—) and presence (+) of
NCD (100 pm). B) The UV-melting profile of d(TGG),/d(CCA);, (2.5 pum) in the absence (—) and presence (+) of
NCD (50 um). C) CD spectra of d(TGG), (5 M) in the absence and presence of 15 um and 30 um of NCD. D) SPR
analyses of 100 nm d(TGG),, d(TGG),, and d(TGG),, by the NCD-immobilized sensor.
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the d(TGG),,tag. With the
match primer, the change in the
SPR intensity for the PCR solu-
tion was 41 RU before and after
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lution with the d(TGG) ,,-tagged match primer. E) SPR analyses of the PCR solution with the d(TGG),,-tagged mis-
match primer. F) Comparisons of normalized relative intensities of SPR signals before and after PCR corresponding
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40 PCR cycles (Figure3D). In
marked contrast, only a small
decrease (~3 RU) in SPR intensi-
ty was observed for the PCR
solution with the mismatch
primer (Figure 3E). These SPR
analyses were in good agree-
ment with those of the PAGE
analyses (Figure S3), showing a
distinct formation of PCR prod-
uct with the match primer, but
not with the mismatch primer.
We have confirmed separately
that the progress of PCR was
observed for the unlabeled
match primer but not for mis-
match primer by PAGE analyses
(Figure S3)."?

In the system combining the
TRS-tagged primer with the
MBL-immobilized SPR detection,
the reaction solution after PCR
could be measured directly
without any treatment by the
prepared MBL-immobilized
sensor. The detection was per-
formed effectively and finished
in less than 10 min, which
would be practical and simple
for the user. Compared with
conventional fluorescent detec-
tion with nonsequence specific
fluorescent dye, the binding of
MBL to the TRS-tag is highly
sequence dependent. Another
combination of TRS-tag and
MBL that is orthogonal to d-
(TGG),-tag and NCD in terms of
the binding selectivity will be
useful for simultaneous SNP
typing by multiplex AS-PCR in
one tube. Furthermore, the
detection of the TRS-tag is not
limited to the MBL-immobilized
SPR sensor, but can be done by
other sensing devices equipped
the MBL on its surface. The
method depicted herein could
provide a simple and rapid way
for monitoring PCR, and dem-
onstrate its potential for further
advancing current PCR technol-
ogies.
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Experimental Section

Thermal denaturation profiles: UV melting experiments were car-
ried out with d(TGG), (4.5um strand) and d(TGG),,/d(CCA),
(2.5 um) in a 10 mm sodium cacodylate buffer (pH 7.0) and 100 mm
NaCl using a SHIMADZU UV-2550 UV-vis spectrometer linked to a
Peltier temperature controller. The absorbance of the sample was
monitored at 260 nm from 2 to 98°C with a heating rate of
1°Cmin~" in the absence and presence of a ligand (100 or 50 um).

Circular dichroismic spectral studies: CD experiments were per-
formed on a J-725 CD spectrometer (JASCO). CD spectra of the tri-
nucleotide repeat d(TGG),, (5 um) were measured at different con-
centrations of NCD (0, 15, and 300 um) in 10 mm sodium cacody-
late buffer (pH 7.0) and 100 mm NaCl at 25°C.

PCR: The sequence for PCR: d(TGG),,-tagged primer: 5-TGGTGG-
TGGTGGTGGTGGTGGTGGTGGTGGGTTTTCCCAGTCACGA-3', un-
labeled primer: 5-GTTTTCCCAGTCACGA-3', Reverse primer: 5'-
TCTAGAGTCGACCTGC-3/, template: pUC18.

PCR was performed in a total volume of 120 uL containing 2 pg of
pUC18, 1 um of each forward primer, 2 pm reverse primer, 54 uL of
milli-Q water, and 60 uL of the Tag DNA polymerase mixture
(Qiagen). 50 pL and 70 pL of the reaction mixture was used for the
SPR test and PCR, respectively. The amplification was carried out in
an automated DNA thermal cycle (Takara PCR Thermal Cycler). The
cycling program consisted of one denaturation step of 5 min at
95°C, followed by 35 cycles of 6 s at 95°C, 15s at 55°C, and 30's
at 75°C, with final extension 7 min at 75°C. 20 uL of PCR amplifica-
tion products were analyzed on 8% polyacrylamide gel for 25 min
at 150 V in 0.7 x TBE buffer, stained with SYBR Gold nucleic acid gel
stain and visualized using Safe Imager (Invitrogen). (Another 50 pL
of PCR solution was diluted with 150 uL HBS-N buffer subjected to
SPR analysis.)

Allele-specific PCR: The AS-PCR was investigated for the G at the
nucleotide position 375 of pUC18. The nucleotide at 3’ end of the
match primer was C, and A for the mismatch primer. These primers
were used with or without d(TGG),, tag. The sequence for allele-
specific PCR: Match unlabeled primer: 5-GTTTTCCCAGTCACGAC-
3’, mismatch unlabeled primer: 5-GTTTTCCCAGTCACGAA-3/,
match d(TGG),,-tagged primer: 5-TGGTGGTGGTGGTGGTGGTGG-
TGGTGGTGGGTTTTCCCAGTCACGAC-3, mismatch  d(TGG),o-
tagged primer: 5-TGGTGGTGG TGGTGGTGGTGGTGG TGGTGG GTT-
TTCCCAGTCACGAA-3, reverse primer: 5-TCTAGAGTCGACCTGC-
3, template: pUC18. PCR was performed in a total volume of
120 uL containing 2 pg of pUC18, 1 um of each forward primer,
1 uMm reverse primer, 54 uL of milli-Q water, and 60 pL of Taqg DNA
polymerase. The amplification was carried out in an automated
DNA thermal cycle (Takara PCR Thermal Cycler). The cycling pro-
gram consisted of one denaturation step of 5 min at 95°C, fol-
lowed by 40 cycles of 6 s at 95°C, 15 s at 55°C, and 30 s at 75°C,
with final extension 7 min at 75°C. 20 uL of PCR amplification
products were analyzed on 8% polyacrylamide gel for 25 min at
150V in 0.7xTBE buffer, stained with SYBR Gold nucleic acid gel
stain and visualized using Safe Imager (Invitrogen). Another 50 pL
of PCR solution was diluted with 150 uL HBS-N buffer and subject-
ed to SPR analysis.

General procedure for SPR binding experiments: All measure-
ments were carried out at 25°C in a continuous flow of a buffer
(10 mm HEPES, pH 7.4) containing NaCl (1m) at a flow rate

30 uLmin™' with a BlAcore 2000 system (BlAcore, Uppsala,
Sweden).
1896 www.chembiochem.org
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Preparation of the NCD-immobilized SPR sensor: NCD was im-
mobilized on a dextran matrix coated gold surface (CM5 chip, BIA-
core) through a bivalent linker of N-Boc-aminoaldehyde. First, NCD
was tethered by a reductive amination to the linker. Deprotection
of Boc-group produced a primary amine, which can be immobi-
lized on the sensor surface by coupling between the amine group
and activated carboxyl group on the CM5 chip using the standard
method with 1-(3-dimethylaminopropyl)- 3-ethylcarbodiimide hy-
drochloride (EDCI) and N-hydroxy succinimide (NHS)."
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Hydrophobic Interactions as Substitutes for a Conserved Disulfide Linkage
in the Type lla Bacteriocins, Leucocin A and Pediocin PA-1

Darren J. Derksen, Marc A. Boudreau, and John C. Vederas*®

Dedicated to Prof. Christoph Tamm (University of Basel) on the occasion of his 85th birthday.

Bacteriocins are antimicrobial peptides that are ribosomally
synthesized and exported by bacteria to destroy competing
microorganisms. A variety of lactic acid bacteria produce
unmodified type lla bacteriocins (typically 37-48 residues) that
have a relatively narrow spectrum of activity but show high
potency against certain important food pathogens, including
Listeria monocytogenes.” Although leucocin A (LeuA; 1) was
the first of these to have its sequence reported,” this group of
several dozen peptides is now called the “pediocin class” after
its most popular member, pediocin PA-1 (Ped, 2; Figure 1). All

1 5 10 15 20 25 30

S S
I |

(1) KYYGN GVHCT KSGCS VNWGE AFSAG VHRLA

ed by the membrane-bound proteins mptC and/or mptD. Syn-
thesis of bacteriocin mutants and analogues provides valuable
structure-activity relationships and tools to obtain further in-

formation on the peptide-receptor complex.®4
The C-terminal portions (residue 20 onwards) of type lla bac-
teriocins show little homology, but their sequences allow for-
mation of an amphipathic o helix that appears critical for anti-
microbial specificity and temperature-dependent activity of
these peptides.'®' In contrast, the N-terminal sections are
highly homologous, and LeuA and Ped differ by only six resi-
dues in the first 21 amino acids.

35 40 All type lla bacteriocins have a
conserved YGNGVXC sequence
in the N terminus, and the cys-

NGGNG FW

teine is part of a disulfide bond
s with another cysteine five resi-

S S S
I I [

(2) KYYGN GVTCG KHSCS VDWGK ATTCI INNGA

S S
| |

(3) KYYGN GVHCT KSGCS VNWGE AASAG IHRLA

Figure 1. Amino acid sequences of leucocin A (1), pediocin PA-1 (2), and mesentericin Y105 (3) with the solution
backbone structure of 1 showing the N-terminal 3 sheet and C-terminal o helix.

type lla bacteriocins are believed to bind to a chiral receptor in
bacterial cell membranes and create a pore that depolarizes
the target cell. As expected with such a mechanism, enantio-
meric p-LeuA—synthesized from all p-amino acids—does not
show antimicrobial or antagonistic activity at physiologically
relevant concentrations.”! Investigations suggest that the
target for LeuA and Ped is the mannose phosphotransferase
(mpt) system.*”! The exact nature of the bacteriocin-receptor
interaction is not yet understood, but it appears to be mediat-
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[ dues away.? Structurally, the
N terminus of LeuA consists of a
three-strand antiparallel f sheet
(residues 2-16) that is rigidified
this [9-14]-disulfide
moiety."®" Substitution of the
cysteines with serines in LeuA or
in its relative mesentericin Y105
(3) abolishes all activity.®'® The
corresponding residues in Ped
have also been reported to be
essential based on NNK scan-
ning."” Hence, the conserved di-
sulfide bond would be expected
to be required for antimicrobial
action for all typella bacterio-
cins. However, recent results from our laboratory indicate that
the disulfide bond in LeuA could be replaced by a noncyclic di-
allyl moiety without significant loss in activity.® Evidently, hy-
drophobic or m-stacking interactions can compensate for the
absence of the disulfide in this molecule and assist receptor
binding. In the present study, we report the synthesis and test-
ing of a series of LeuA and Ped analogues to explore the cause
and generality of this unexpected phenomenon.

In order to assess the relative contributions of m-stacking
and hydrophobic interactions in the acyclic bis-L-allylglycine
derivative, (Cys9AllylGly, Cys14AllylGly)-LeuA (4a), its saturated
counterpart 4b, which has two norvalines (Nva), was synthe-
sized by solid phase peptide synthesis (SPPS) by using TGA
resin and standard Fmoc methodology (Figure 2). Similarly, the
L-allylglycine (AllylGly) residues were substituted with L-phenyl-
alanines to give 4c, in which m-stacking interactions could po-
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(4) KYYGN GVHXT KSGXS VNWGE AFSAG VHRLA NGGNG FW

a X=AllylGly b X=Nva e X=F all fully active

S S

| I
(5) KYYGN GVTXG KHSXS VDWGK ATTCI INNGA ZAWAT GGHQG NHKC
a X=AlylGly Z=Nle inactive

b X=F Z=Nle inactive

=]

also synthesized. Surprisingly, in contrast to the LeuA
analogues, all of these Ped derivatives, in which a di-
sulfide moiety had been replaced, lacked any signifi-
cant antimicrobial activity. If LeuA and Ped both in-
teract with the mpt receptor system as suggested, it
appears that either: 1) specific recognition of the sul-
furs in the disulfide moiety by the protein is essential
for Ped but not for LeuA, or 2) modest differences in
the N-terminal sequence of Ped prevent attainment
of the correct -turn conformation when the 9-14 di-
sulfide is missing.

S
|
(5¢) KYYGN GVHFT KHSFS VDWGK ATTCI INNGA ZAWAT GGHQG NHK

Z=Nle inactive

S

|
GVS VDWGK ATTCI INNGA ZAWAT GGHQG NHK

, sequence in box matches 4c, active

(5d) KYYGN
Z =Nle

S
|
GVHFT KSGFS VI\WJFK ATTCI INNGA ZAWAT GGHQG NHK

(5e) |KYYGN

Z = Nle , sequence in box matches 4c¢, inactive

=]

S

To assess these two possibilities, the sequence be-
tween residues 8 and 14 of leucocin A and pediocin
PA-1 was varied as this region is composed of the
same constituent amino acids in both peptides, and
differs only in their relative arrangement. Analysis of
the NMR structure of LeuA" suggested that Tyr2,
His8, and Thr10 might interact to form a cluster;™
therefore, a pediocin analogue 5¢, (T8H, C9F, G10T,
C14F, M31Nle)-Ped, was prepared that incorporated
these substitutions in conjunction with replacement
of residues 9 and 14 with the hydrophobic amino
acid phenylalanine. The possibility that the intraring
residues might be responsible for the activity of the
acyclic analogue was explored by synthesis of a ped-
iocin analogue 5d, (C9F, G10T, H12S, S13G, C14F,
M31Nle)-Ped, that substituted intraloop residues 10-

|
Cc

I
Cc

S
|
(o]

™,
S'%‘ w \© \ 13 from LeuA into the Ped sequence as well as the
R disulfide bond replacement by phenylalanines. To
Cysteine Allyl glycine Phenylalanine  Norvaline, Norleucine complete the structure-activity relationship study, a
() (AllylGly) (F) E:[(\E/'lte' N\Ilea hybrld peptide 5e, LeuA(1-18)(COF,C14F)-Ped(19-44),

Figure 2. Synthetic analogues 4a-c of LeuA and 5a-e of Ped. The Ped analogue 5,
which Z=Nle, has both disulfides (9-14 and 24-44) and is as active as natural Ped.

tures of the key amino acid residues used in disulfide bond mimics are shown.

tentially be enhanced. Within experimental error, peptides 4a-
c showed the same antimicrobial potency as the parent un-

in which the 9-14 disulfide was replaced by two phe-
nylalanine residues, was also synthesized to examine
the role of the entire N terminus on biological activi-
ty.

Antimicrobial testing as before showed that these
Ped analogues, which lack the 9-14 disulfide, are

in
Struc-

modified leucocin A (1) in spot-on-lawn tests with three stan-
dard test organisms (Carnobacterium maltaromaticum UAL26,
C. divergens LV13, and Listeria monocytogenes EGDe; Table 1).
The activity of the norvaline analogue 4b, which lacks a
double bond, demonstrates that hydrophobic interactions, as

Table 1. Biological testing results of peptides against three indicator
organisms.

opposed to 7 stacking, can replace the disulfide bond in LeuA
and promote the correct conformation required for receptor
binding.

The concept of cysteine substitution with hydrophobic resi-
dues was then examined with analogues of pediocin (2). As 2
is prone to aerobic oxidation of the sulfur of Met31 to a sulfox-
ide and the corresponding Met31Nle mutant 5 is fully active,'?
all synthetic Ped analogues were made with this substitution.

Residues  Remaining  C. div'¥ C. malt® L. monot
9-14"®! sequence LV13 [um]  UAL26 [um]  EGDe [pm]

19 CTKSGC LeuA 3 3 3

4a  aTKSGa® LeuA 6 3 6

4b nTKSGn LeuA 3 3 3

4c FTKSGF LeuA 6 3 6

2 CGKHSC Ped 6 6 6

5a  aGKHSa Ped na? n.to nal?

5b  FGKHSF Ped nae nae nal

5¢  FTKHSF Ped na na nal?

5d  FTKSGF Ped 100 50 na9

5e  FTKSGF hybrid® nal? nal na?

2-Chlorotrityl resin was employed with Fmoc SPPS to produce
(COAllylGly, C14AllylGly, M31Nle)-Ped (5a) and (COF, C14F,
M31Nle)-Ped (5b). To examine the potential generality of such
replacements, the corresponding (C24AllylGly, C44AllylGly,

[a] Natural sequence; [b] a: allyl glycine; n: norvaline; [c] Leu(1-18)-Ped-
(19-44); [d] Carnobacterium divergens; [e] C. maltaromaticum; [f] Listeria
monocytogenes; [g] n.a.: no activity detected up to 100 um. [h] n.t.: not
tested. Note: All pediocin analogues contain the oxidatively stable nor-
leucine in place of methionine.'?

M31Nle)-Ped, which contains the natural 9-14 disulfide, was

ChemBioChem 2008, 9, 1898 - 1901 © 2008 Wiley-VCH Verlag GmbH &
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devoid of activity except for peptide 5d, which has the intrar-
ing loop sequence of LeuA. This compound regains significant,
but not full, activity against two of the three test organisms.
This indicates that, as with LeuA, direct interaction of the re-
ceptor protein with the sulfurs in the 9-14 disulfide of Ped is
not required, at least for C. divergens and C. maltaromaticum.
Apparently the propensity of the intraloop sequence of LeuA
to induce f turns"® in combination with the hydrophobic in-
teraction of the two Phe residues is sufficient to achieve the
appropriate conformation for bioactivity. Receptor binding
might occur on the surface of a three-strand antiparallel
P sheet at the N terminus of the peptide as well as by recogni-
tion of the hydrophobic face of the amphipathic C-terminal
a helix, which is known to be required™'® and determines spe-
cificity for particular organisms.'® Surprisingly, when the first
18 residues of pediocin are replaced by (C9F, C14F)-LeuA(1-18),
biological activity is not observed despite the presence of the
intraloop residues from LeuA. These results indicate that al-
though the N-terminal loop has a vital influence on the activity
of the peptide, additional interactions at the C terminus with
the receptor must match and also contribute to the overall ac-
tivity. This is in accord with previous observations that the
entire bacteriocin is essential for activity,**” and that very
small structural changes, such as removal of a single trypto-
phan residue from the C terminus of 3" or mutation of the
conserved Tyr3 to phenylalanine in closely-related carnobacter-
iocin B2 near the N terminus, have severely detrimental ef-
fects on activity.

It is clear that the B-turn structure seen in the NMR spectros-
copy studies of type lla bacteriocins"®" is critical for antimi-
crobial activity. Whether this structure arises from a conforma-
tion enforced by a disulfide bond or based on the inherent
peptide sequence is more case dependent, and largely con-
trolled by modest differences in the intraloop sequence. In the
example of the pediocin (2) intraloop sequence, the disulfide is
a prerequisite for biological activity, but with the leucocin A (1)
loop the disulfide appears to be an assisting feature that
serves to reinforce the tendency to form the required secon-
dary structure of the peptide. It is intriguing that only the ex-
change of the positions of the four amino acids between resi-
dues 8-14 from pediocin PA-1 to leucocin A allows substitu-
tions of cysteine for hydrophobic residues, such as phenylala-
nine or allylglycine.

Our results are consistent with the idea that the selectivity
and activity of type lla bacteriocins is dependent on their
entire sequence and the overall three-dimensional structure
preferred in membranes. It is important to note that all of
these peptides (including the natural bacteriocins 1 and 2)
have random-coil structures in water and assume a defined
conformation only in hydrophobic environments (e.g., mi-
celles) or in solvents such as trifluoroethanol."®'¥ Limited solu-
bility and difficulty in universal isotopic labeling of the synthet-
ic peptides precludes detailed NMR analysis for complete de-
termination of the three-dimensional structures of the unnatu-
ral analogues. However, CD studies and physical properties in-
dicate that they resemble their parents in propensity to form
o helices in the C-terminal section. More generally, our struc-
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ture-activity results demonstrate that for peptides in which
the propensity of a particular amino acid sequence to form a
B turn is sufficiently great, substitution of cysteine disulfide
bridges with hydrophobic interactions by using a variety of lip-
ophilic side chains can very effectively assist attainment of the
correct conformation. This effect is especially useful with phe-
nylalanine substitution because it permits facile production of
active bacteriocins from natural amino acids through genetic
engineering. The possibility of such substitutions in other
types of bioactive peptides is being explored.

Experimental Section

Synthesis of peptides was completed by using standard solid
phase peptide synthesis (SPPS) methods with the incorporation of
pseudoprolines®” to disrupt aggregation in long sequences. Pep-
tides were synthesized manually to identify problematic sequences,
and then optimized methods were incorporated for synthesis by
using an ABI 433A peptide synthesizer equipped with UV monitor-
ing feedback control. The peptides were prepared on preloaded
Fmoc-Trp(Boc)-TGA, Fmoc-Cys(Trt)-TGT, or H-Cys(Trt)-2-CITrt resin
by using standard side-chain protection. Oxidation to form the
necessary disulfide bond(s) was completed by suspending the pep-
tide in a 1:1 solution of 2,2,2-trifluoroethanol and ammonium bi-
carbonate buffer (1 mm; pH 8.0). The solutions were then saturated
with oxygen and allowed to stir for 16 h. After oxidation, the non-
aqueous portion of the solution was removed in vacuo and the
aqueous portion was lyophilized to obtain the crude peptide. The
crude peptide was then dissolved in a solution of acetonitrile
(20%)/water and passed through a syringe filter before purification
by HPLC. Fractions showing the desired mass by MADLI-TOF MS
were pooled and the sample was repurified to homogeneity. Puri-
fied samples were lyophilized to yield a white powder and were
tested by using the spot-on-lawn method as previously reported.”
All peptide concentrations were obtained by measuring the A,
according to standard procedures.’? Indicator organisms used for
testing were Carnobacterium maltaromaticum UAL26 and Carno-
bacterium divergens LV13 (grown at 25°C), and Listeria monocyto-
genes EGDe (grown at 37°C). See the Supporting Information for
further details.
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TokenRNA: A New Type of Sequence-Specific, Label-Free Fluorescent

Biosensor for Folded RNA Molecules

Kirill A. Afonin, Evgeny O. Daniloy, Irina V. Novikova, and Neocles B. Leontis*"

This paper is dedicated to Marina V. Afonin.

Fluorescent reporters are highly sensitive, nonperturbing, and
convenient probes for biological studies. Current techniques
for recognition of specific nucleic acid sequences usually
require complementary hybridization to chemically modified
probes. Optimal fluorescent biosensors should rapidly signal
the presence of a specific analyte with high selectivity and
high contrast. Recently, a number of label-free, fluorescent bio-
indicators have been reported including aptamer-based ribo-
switches as sensors for cofactors,” aptamer-based protein sen-
sors,”! and chimeric aptamers, in which the recognition
domain binding the target was coupled to an aptamer that
binds a fluorophore in such a way that the presence of the
target increases the affinity of the bioindicator for the fluoro-
phore.> When the emission yields of the fluorophore in its
bound and free states differ, this provides a binary sensor with
nonperturbing optical recognition.

It is desirable to detect macromolecular analytes (for exam-
ple, structured RNA molecules) in their native environment
without having to denature or unfold them. In this work, we
demonstrate a technique for sensitive, label-free, real-time
sequence-specific recognition of prefolded RNA sequences. We
use RNA constructs designed to form an aptameric pocket for
the fluorophore upon programmable paranemic binding to a
specific prefolded analyte RNA sequence. We call these con-
structs paranemic “token RNAs".

We chose the triphenylmethane dye, Malachite Green (MG),
as the fluorescent reporter because in its unbound state in
water solution it exhibits extremely low fluorescence quantum
yield from the S1 excited state because of efficient internal
conversion.®” The emission of the dye increases substantially
when the nonradiative relaxation channels from S1 are shut
down. Whereas the detailed underlying mechanisms of this
phenomenon are still being debated,” related studies show
that “rigidifying” the dye by placing it in a highly viscous envi-
ronment or in a binding cage increases its emission dramatical-
ly.”" For instance, it was reported recently that the emission of
MG increases by several orders of magnitude upon binding to
an RNA aptamer obtained by in vitro selection (SELEX).2'® This
aptamer has also been used as a reporter for ATP recognition'”
and to perform real-time fluorescent monitoring of single-
stranded DNA molecules. The DNA detection was based on
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the separation of the MG aptamer into two strands, each of
which is linked to a nucleic acid arm complementary to one
half of the analyte DNA sequence so as to form a three-way
junction in the presence of the target. In the presence of the
analyte, the intensity of MG fluores-
cence substantially increased. This
probe was sensitive to a single nu-
cleotide substitution.™

The utility of DNA 5HT and 7HT
paranemic cohesions for assembling
2D DNA arrays is well established.!>
I We designed our sensor token-
RNA by coupling the malachite
green or "MG” aptamer to the
three-half-turn (3HT) RNA paranemic

binding motif we recently designed
and characterized."™ The 3D struc-
ture of the MG-aptamer (PDB files:
1f1t and 1g8n) shows that the MG
binding pocket comprises an inter-
nal loop embedded within the RNA
helix"™ The 3D structure of the
aptamer is represented in Figure 1
using the annotations for non-

Figure 1. Annotation of the
MG aptamer 3D structure
using the Leontis-Westhof
basepair nomenclature."®
Non-Watson-Crick base-
pairs are annotated to
show interacting edges:
Watson-Crick (WC) Edge
(circles), Hoogsteen Edge
(squares), or the Sugar

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Edge (triangles). Open sym-
bols indicate trans pairs
and solid symbols, cis pairs.
Boxes are placed around
bases involved in more
than one basepair interac-
tion."” The bases of the
aptamer are shown in
green.

Watson-Crick basepairs proposed
by Leontis and Westhof."™® The
numbering of the nucleotides of the
aptamer in Figure 1 is consistent
with their numbering in the biosen-
sor, 36Mtoken (see Scheme 1).

As shown in Figure 1, bound MG
intercalates between a Watson-
Crick (WC) basepair (C18/G36) and a
base quadruple (G14/G19A21/C35), and makes additional con-
tacts with unpaired bases. For example, unpaired A20 stacks
on the MG phenyl group and interferes with its rotation.

Using computer 3D modeling, we positioned the aptamer
internal loop close to the paranemic binding site and oriented
it so the Watson-Crick helix flanking the aptamer and stabiliz-
ing it so that it can only form when the sensor RNA binds to a
target (analyte) RNA that contains the complementary se-
quence to form the paranemic motif. When the sensor RNA
binds the target RNA, the intermolecular basepairs of the para-
nemic motif form adjacent to the aptamer, starting with U6
(target) pairing with A11 (sensor). These basepairs stabilize the
A39/U12 basepair of the tokenRNA, which interacts with A16
in the aptamer motif to form the A16A39 cis Watson—Crick/
Sugar Edge (cWS) tertiary basepair. Other nearby tertiary inter-
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Scheme 1. Schematic representation of the assembly of 36Mtoken and
36Mtarget to form the recognition complex, stabilizing the Malachite Green
(MG) aptamer site (see Figure 1).

actions that stabilize the active form of the aptamer includes
A17/G13 (tWS), G14/G19 (tWH), and A21/G19 (tWS). Scheme 1
shows how the biosensor RNA (36Mtoken) binds to the target
(36Mtarget) to form the paranemic 3HT recognition complex.

RNA paranemic molecules are designated according to the
number of half-turns in the paranemic motif (three in this
case) and the number of basepairs separating the strand cross-
over points across the major (M) groove (six in this case).'>'
“Token” in the name of a molecule indicates the sensor RNA in
which a reporter module is placed (the MG aptamer in this
case). “Target” indicates the RNA molecule recognized by the
tokenRNA. For example, 36Mtoken means that this molecule
forms a 3HT complex with six basepairs spanning the major
(M) groove.

All RNA molecules were run-off transcribed using T7 RNA
polymerase and PCR-amplified DNA templates having appro-
priate promoters, and subsequently purified on denaturing
gels. Native gel electrophoreses was used as previously de-
scribed” to assay RNA assembly in the presence and absence
of MG. The previously reported paranemic dimer 36 M1/36M2
was used as a gel mobility control’™ (36M2 is identical to
36Mtarget in this report whereas 36Mtoken is 36M1 plus the
MG aptamer.) These experiments showed that 36Mtarget
binds to cognate 36M1 or 36Mtoken in the presence or ab-
sence of MG (see the gel presented in Figure S1 in the Sup-
porting Information).

Next we measured MG emission in the presence and ab-
sence of 36Mtarget and 36Mtoken. MG was excited at 425 nm
and fluorescence measured using a Jobin Yvon Fluorolog 3-11
spectrofluorimeter, as detailed in the Experimental Section.

As shown in Figure 2, when MG was added to the aptamer-
containing tokenRNA, 36Mtoken in the absence of the RNA
target 36Mtarget, the MG emission remained very low, similar
to that of free MG. However, when MG was added to
36Mtoken in the presence of 36Mtarget, the fluorescence of
MG increased dramatically. This indicates that paranemic as-
sembly of the sensor with the target is required to stabilize the
MG aptamer pocket. The stabilization probably occurs through
a cascade of tertiary interactions triggered by the formation of
the intermolecular U6A11 basepair (see above).
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Figure 2. MG aptamer enhances the fluorescence of MG upon the assembly
of 36Mtoken/36Mtarget recognition complex. Emission spectra of free MG
(-----), MG in the presence of aptamer-containing 36Mtoken only (--), and
MG in the presence of the recognition complex 36Mtoken/36Mtarget con-
taining the stabilized MG aptamer site (——— ).

To determine the specificity of the sensor for its target, point
mutations were introduced in the target molecule 36Mtarget
(Figure 3 and Scheme S1). The altered molecules were named
36Mtarget(a), which contains mutation G11—C, and 36Mtar-
get(c), which contains mutation U6—A. Molecules 36Mto-
ken(a) and 36Mtoken(c) were designed to pair with 36Mtar-
get(a) and 36Mtarget(c), respectively. 36Mtoken(a) contains
mutation C6—G and 36Mtoken(c) contains mutation A11—U.
These mutations were placed in the major crossover grooves
far from the aptamer motif so as not to directly affect its fold-
ing. In previous work we showed that mutations in these loca-
tions do not perturb the free energy of folding of the individu-
al strands.™

In the presence of only 36Mtoken(a) or 36Mtoken(c), MG
does not emit (see Figure 3 for the (a) constructs and Fig-
ure S2 for the (c) molecules). Also, no increase in fluorescence
of MG was observed in the presence of 36Mtoken mixed with
36Mtarget(a) or 36Mtarget(c). These results show that a
single base mismatch in the complementary strand abolishes
the MG emission signal. However, binding of the cognate
token RNA that restored WC basepairing in the paranemic
motif [36Mtoken(a)/36Mtarget(a) and 36Mtoken(c)/36Mtar-
get(c)] also restored MG emission. These results indicate that
the paranemic aptamer system is capable of single-nucleotide
discrimination, in agreement with previous work in which we
characterized the specificity of major groove RNA 3HT parane-
mic assembly."

To show that we can systematically create new biosensors
for prefolded RNA sequences utilizing RNA-RNA paranemic as-
sembly and MG aptameric pocket stabilization, we designed
two more target-RNAs [36Mtarget(1) and 36Mtarget(2)] and
two complementary  token-RNAs  [36Mtoken(1) and
36Mtoken(2)]. The sequences of these constructs are shown in
Scheme S1. In the presence of either 36Mtoken(1) or
36Mtoken(2) alone, the MG emission was insignificant but was
found to increase substantially upon binding to the comple-
mentary token-targetRNA complex (Figures 3 and S4). More-
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discriminate among RNAs that differ from the target
RNA by one nucleotide in the paranemic recognition
domain. Finally, we have demonstrated the generali-
ty of our approach by designing tokenRNA biosen-
sors for three completely different RNA targets.

Experimental Section

RNA preparation: RNA molecules were prepared by
run-off transcription of PCR amplified DNA templates as
previously described.”” Synthetic DNA molecules
coding for the antisense sequence of the desired RNA
were purchased from IDT DNA (http://www.idtdna.com)
and amplified by PCR using primers containing the T7
RNA polymerase promoter. PCR products were purified
using the QiaQuick PCR purification kit (Qiagen Scien-
ces, Maryland 20874). RNA molecules were prepared by
in vitro transcription using T7 RNA polymerase (Takara
Bio Inc. http://www.takara-bio.com) and purified on de-
naturing polyacrylamide gels (PAGE) (15% acrylamide,
8 M urea). The RNA was eluted from gel slices overnight
at 4°C into buffer (300 mm NaCl, 10 mm Tris pH 7.5,
0.5 mm EDTA), then ethanol precipitated, rinsed twice
with ethanol (80%), dried, and dissolved in water.

Radiolabeling of RNA molecules: T4 phosphokinase
(TAPK from New England BiolLabs Inc.) was used to
transfer the **P-gamma phosphate of ATP to the 5-end
of 3’-cytidine monophosphate (Cp) to form radiolabeled
pCp. T4 RNA ligase (New England BiolLabs Inc.) was
used to attach radiolabeled pCp to the 3-ends of RNA
molecules (10-20 pmol). Labeled material was purified
on denaturing polyacylamide gels (12% acrylamide,
19:1 bis:monomer, 8 M urea).

Assembly experiments: Prior to the addition of the
buffer and Mg(OAc),, RNA samples containing a fixed
amount (~0.5 nm) of **P-3-end labeled RNA and the un-
labeled binding partner molecule (200 nm) were heated
to 90°C for 1 min and snap cooled on ice to avoid in-
termolecular base pairing. Tris-borate buffer (89 mm,

Alnm —

Figure 3. Schematic representation of the sequence specificity of target RNA recognition
and supporting emission spectra. A) Single point mutation (G11—C) in the target,
36Mtarget(a), blocks recognition by 36Mtoken. B) Compensatory substitution (C6 —G)
in 36Mtoken(a) supports recognition of 36Mtarget(a) and turns on Malachite Green

(MG) emission signal.

over, mixing of 36Mtoken(1) with noncognate 36Mtarget or
36Mtarget(2) had no effect on the MG emission signal (Fig-
ure S5). These results confirm our initial findings and prove the
potential to design tailored tokenRNAs for specific targets.

In summary, we have shown how to systematically create
new programmable biosensors targeting prefolded RNA se-
quences by programmable recognition and analysis using par-
anemic binding motifs coupled to the MG aptamer. We have
demonstrated the high specificity of this system, which can
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pH 8.3) was added and the samples were incubated at
30°C for 5 min. Then Mg(OAc), (15 mm) and MG (5 pum)
were added and incubation continued for 30 min. An
equal volume of loading buffer (same buffer with 0.01%
bromophenol blue, 0.01% xylene cyanol, 50% glycerol)
was added to each sample for analysis on 7% (15:1)
polyacrylamide native gels (containing 15mm Mg-
(OAc),) and run at 4°C with constant recycling of the
running buffer (89 mm Tris-borate, pH 8.3/15 mm Mg-
(OAC),). Gels were run for 3 h, at 50 mA with constant
buffer recirculation, dried under vacuum, placed on a
phosphor storage screen for 16 h, and scanned using a Storm
phosphoimager (Amersham, Storm 860, http://www.gehealthcare.
com).

Fluorescent experiments. The fluorescent experiments were car-
ried out using a Jobin Yvon Fluorolog 3-11 spectrofluorimeter with
the following settings: The excitation wavelength was set at
425 nm in all experiments. Emission was scanned from 600 to
800 nm in increments of 2 nm. Integration time was 1 s and detec-
tor voltage was 950 V. Signal was registered in counts per second
(cps). Excitation and emission slits were both set to 4 nm.

ChemBioChem 2008, 9, 1902 - 1905
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A FACS-Based Approach to Engineering Artificial Riboswitches

Casey C. Fowler, Eric D. Brown, and Yingfu Li*"

Nucleic acids have established themselves as valuable building
blocks for the construction of synthetic elements with a wide
range of uses in biological research." Indeed, nucleic acid en-
zymes (ribozymes and deoxyribozymes) and receptors (aptam-
ers) have emerged as major players in the era of synthetic biol-
ogy, and can be applied in such disciplines as biosensing,*
inity purification,** nanodevices®®” and therapeutic develop-
ment.®? The success in isolating these elements can be largely
attributed to the methods used to select for molecules that
carry out a specific function from extremely large, random se-
quence libraries."®™ While a great deal of effort and progress
has been made toward advancing these protocols in vitro, syn-
onymous methods for selections within a cellular environment
are far less developed. This shortcoming is becoming more rel-
evant as our understanding of the diverse array of functions
that nucleic acids—particularly RNA—have within cells contin-
ues to grow at an astounding pace.">'® To have the ability to
produce these interesting new RNA molecules with custom-
designed characteristics would be invaluable to biological re-
search.

One of the most intriguing classes of newly discovered RNAs
is a group of genetic control elements called riboswitches.'"*™
They reside within the untranslated regions (UTRs) of mRNA
where they sense the metabolic status of the cell through di-
rectly binding a relevant ligand."*?? The binding event results
in structural changes in the RNA, which ultimately leads to
modulation of the level of expression of neighbouring gene or
genes. The bulk of natural riboswitches that have been uncov-
ered have been found in bacteria where they regulate the
expression of a remarkable number of genes in response to a
growing number of different metabolic cues.”® From a molec-
ular engineering point of view, riboswitches represent a highly
desirable design for artificial gene expression systems. They
have a very simple composition that consists of an RNA recep-
tor domain (aptamer domain) and a neighbouring expression
platform with a simple stem-loop architecture. Riboswitches
are relatively small, cis-acting elements, usually encoded by
300 bases or less. These factors simplify the design, optimisa-
tion and troubleshooting associated with their creation. Ribo-
switches have shown the potential to be extremely efficient as
well, and demonstrate both remarkable specificity and impres-
sive induction levels in response to their cognate ligand.?"?
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Artificial riboswitches could be designed for a wide range of
applications. One such possibility is the engineering of pro-
grammable cells. This could include the production of cells
that have an array of genes under the control of different in-
ducer molecules; this would open the door to experiments for
working out the interplay of numerous genes or pathways.
Programmed bacteria also have great potential as tools for en-
vironmental cleanup and drug delivery. Topp and Gallivan
recently made progress toward this goal by employing an arti-
ficial riboswitch to create a strain of E. coli cells that migrate
specifically toward the small molecule theophylline.*¥ We be-
lieve that riboswitches also hold great potential as intracellular
sensors for the detection and quantification of small mole-
cules. While these fields are still largely unexploited, the con-
tinuing development of methods to create and modify ribo-
switches should make such systems possible.”>2

The goal of this work was to develop a fast, efficient and
general intracellular selection method for isolating riboswitches
from a library of sequences. In order to sort through a large
number of sequences quickly and easily, we opted to use fluo-
rescent proteins and fluorescence activated cell sorting (FACS).
FACS can be used to sort individual cells based on their fluo-
rescence intensity at rates that exceed 10 cells per second.
Previously FACS has been employed to identify proteins with
desirable properties from libraries of random mutants.”’="
Here, we apply similar thinking to identify riboswitch mediated
gene regulation from a library “potential riboswitches”. Fig-
ure 1A demonstrates the principle of our selection scheme in
which cells that are highly fluorescent only in response to the
small-molecule inducer of our choice are isolated by using two
steps of FACS.

As a pilot project to demonstrate our selection scheme we
chose to seek riboswitches that respond to the small molecule
theophylline. We built a library of “potential riboswitches” that
consisted of an RNA aptamer that binds theophylline connect-
ed to an intrinsic transcriptional terminator by a partially
random linker region (Figure 1B). Transcriptional terminators
are RNA elements that consist of a simple stem-loop followed
by a string of uracil residues.**? When RNA polymerase en-
counters such an element it is released from the template and
sequences downstream are not transcribed. We sought linker
regions that were able to transduce the binding of theophyl-
line to a disruption of the neighbouring transcriptional termi-
nator stem; this would result in activating transcription of the
downstream green fluorescent protein (GFP) gene. This ribo-
switch mechanism (transcriptional termination) appears to be
the most common, and has not been exploited by artificial
riboswitches that have been created to date.

Before beginning the selection process we first chose each
of the elements for the construction of our riboswitch library.
The TCT8-4 theophylline aptamer,®® which has previously been
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used for a wide range of proof-of-principle experiments, was
chosen for a variety of reasons: it is very well characterized, it
exhibits remarkable specificity for its ligand and it is functional
in a cellular environment.®*>3" To choose a transcriptional ter-
minator we cloned a panel of candidates upstream of GFP
within our selection plasmid and carried out fluorescence
assays. The terminator from the B. subtilis Metl riboswitch®®
was chosen as it appeared to be the most efficient within our
system (data not shown). It should be noted that we only
assayed terminators from ribo-

switches as it has been postulat-

? - fluorescence assays
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Figure 1. A) Selection scheme for the isolation of riboswitches. Cell sorting based on fluorescence intensity was
used to isolate cells that were highly fluorescent in the presence of inducer, but less so in the absence of inducer.
The small circle represents a plasmid-encoded library of riboswitch candidates within the 5-UTR of GFP. B) Design

(see the Experimental Section)
and none showed a significant
theophylline response. We thus
set out to test our selection
method by cloning a large
number of sequences into com-
petent E.coli cells. By plating
dilutions of this transformation it
was determined that approxi-
mately 100000 positive clones
were successfully transformed.
Cells were grown in the pres-
ence of theophylline for approxi-
mately 6 h and sorted to keep
only those with a relatively high
fluorescence (Figure 2A). Choos-
ing an induction time required
striking a balance between al-
lowing the induced GFP time to
fold and minimizing growth
time to avoid losing library di-
versity. We were particularly con-
cerned about this because cells
that express lower levels of GFP
would presumably have a slight
growth advantage.

The remaining cells, which had survived the first sort, were
grown in the absence of theophylline, and those with a rela-
tively low fluorescence were kept (Figure 2B). For our first
round of selection we opted to use rather lenient gating in
order to avoid losing cells that contained weakly active ribo-
switches. The astonishingly high proportion of cells with a low
fluorescence in the second FACS sort indicated that our pool
either contained a very large number of active sequences, or
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Figure 2. FACS results: A) selection round 1, with theophylline; B) selection round 1, without theophylline; C) se-
lection round 2, with theophylline; D) selection round 2, without theophylline.
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that the first round of FACS was too lenient and thus a large
number of weakly fluorescent cells were able to pass through
the first sort.

To examine the cells that had survived the selection, individ-
ual clones were isolated by being plated on agar plates. Single
colonies were then grown in separate wells of 96-well plates
and kept as frozen stocks. From these stocks duplicate plates
were grown, one with theophylline and one without, and were
assayed for fluorescence. The majority of the clones exhibited
small changes in fluorescence in response to theophylline; this
indicates that perhaps our FACS gating was too lenient. Several
of the clones showed a very clear theophylline response and
they were selected for further examination.

The clones examined showed a two- to fourfold increase in
GFP expression in response to theophylline. Generally, there
were no obvious trends observed that related the sequence of
these constructs to their activity. We wanted to see if a second
round of this selection process would yield a construct with a
more significant theophylline response. The plasmid 6E12
exhibited the highest fold induction from round one and so it
was chosen to be the basis of a new library for a second round
of selection. At each of the 14 positions in the linker region,
the new library had a 76 % chance of retaining the 6E12 se-
quence, and an 8% chance of being mutated to each of the
other three possible nucleotides.

The second selection was carried out in a similar manner to
the first. The FACS spectrum for the first sort looked similar to
that observed in the first round (Figure 2C), however a greater
fraction of clones exhibited a high level of fluorescence. The
spectrum for the second sort was much more consistent with
what we predicted than in the first round (Figure 2D), and
only a small percentage of cells passed our more stringent cri-
teria. Follow-up 96-well plate fluorescence assays yielded a
much higher proportion of theophylline-responsive clones
than the first round; this indicates that the more stringent
FACS criteria were beneficial. Also, several riboswitches with
fold-induction values that exceeded the 6E12 riboswitch were
uncovered; the most efficient of these was RS11A. The se-
quence of RS11A in the original random portion (blue nucleo-
tides in Figure 1B) was ACTATATGAAGAGG and the remainder
of the sequence (including the aptamer region, Figure 1B) did
not incur any unexpected mutations.

Fluorescence assays both in the presence and absence of
theophylline for 6E12, RS11A and RS11A with a point mutant
that disrupted theophylline binding (C27A) are shown in Fig-
ure 3A. These data show that RS11A was nearly twice as effi-
cient as its predecessor 6E12, and it owed its improved induc-
tion to a lower level of uninduced expression. The C27A
mutant of RS11A showed no theophylline response; this indi-
cates that aptamer binding was indeed responsible for the
induction of GFP expression and implies a riboswitch-based
mechanism of regulation. Figure 3B demonstrates the selectivi-
ty of RS11A for theophylline over caffeine—a close structural
relative. It also demonstrates that the riboswitch was respon-
sive to theophylline over a wide concentration range, up to
2 mm. Concentrations greater than 2 mm were not tested as
they were detrimental to cell growth. It should be noted that

1908

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

A) T 30000 -
o O-Theophylline
§ 20000 A m +Theophylline
Q
n
@ 15000 -
]
=
= 10000 A
4]
2
E 5000 - I_x_' ’—x—l
g : , : ,
Noterm Term  6E12 RS-11A C27A
CTRL only
CTRL
B) 4 16000 - "
14000 - &
§ 12000 - -
§ 10000 - .
g 9000 ™ @ Theophylline
S 60001 g OCaffeine
=
o 4000 -
>
£ 2000 T @ooco o o o o
Y S —
0 500 1000 1500 2000
Inducer / pm ————p

Figure 3. Performance of some selected riboswitches. A) Fluorescence assays
of the top riboswitch candidates isolated from each round of selection. No
term CTRL: construct that lacked the entire aptamer-linker-terminator
region; Term only CTRL: construct with the Metl transcriptional terminator,
but no aptamer and linker region. B) Fluorescence of RS11A in response to
changes in the concentrations of theophylline and caffeine.

previous studies have shown that the intracellular concentra-
tion of theophylline in cultured E. coli is far lower than the
extracellular concentration, presumably due to efflux.*® This
explains the high media concentration of inducer required to
elicit a maximal response. The same phenomenon has been
previously observed by other groups.®**%

We next sought to examine whether or not RS11A was
acting at the level of transcription, as was intended by our li-
brary design. As a first step in this process we identified a po-
tential antiterminator stem in RS11A that could compete with
the formation of the terminator (Figure 4A). It is interesting to
note that the putative antiterminator stem of RS11A was shift-
ed slightly from the wild-type Metl antiterminator, upon which
the original library was based. To determine whether RS11A
used this terminator/antiterminator mechanism, we mutated
the polyU tract that follows the terminator (Figure 4B). While
these residues should be crucial for terminator function, they
should not have a significant effect on RNA folding. As a con-
trol we mutated the polyU tract of the Metl terminator in a
construct that lacked the aptamer and the linker region of
RS11A. This mutation significantly disrupted terminator func-
tion. To our surprise, however, RS11A was completely unaffect-
ed by the polyU mutation. This implies that the antiterminator
efficiently prevented the formation of the terminator both in
the presence and absence of theophylline, and that RS11A

ChemBioChem 2008, 9, 1906 — 1911
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Figure 4. Probing the regulation mechanism of the RS11A riboswitch. A) Pre-
dicted antiterminator stem of RS11A. Residues shown in grey and italic let-
ters represent the stem of the Metl terminator. B) Schematic representation
of the wild-type and polyU mutant transcriptional terminators used to exam-
ine the RS11A mechanism. C) Fluorescence assay that compare various ribo-
switch constructs and controls and their response to theophylline; the con-
trols are described in the legend of Figure 3. WT: construct with a wild-type
Metl terminator; PUM: construct that had a Metl terminator with a mutated
polyU tract; RS11A Term KO: an RS11A construct that completely lacked the
Metl transcriptional terminator.

does not exert its effect through transcriptional termination
(Figure 4Q).

To further examine the role of the terminator, we made a
construct that completely removed the terminator, but main-
tained the selected RS11A linker sequence. It was difficult to
anticipate the effects of such a deletion, as it involved the re-
moval a large chunk of sequence from the middle of the 5'-
UTR. Interestingly, this construct retained its switching ability
(sevenfold induction), but the level of expression (both in-
duced and uninduced) fell dramatically. This implies that the
removed sequence might not be involved in riboswitch activi-
ty, but that the distance of the riboswitch from translational
signals is important for expression levels. The next obvious
possibility for the RS11A mechanism was ribosome binding
site sequestration/antisequestration"—the other predominant
mechanism exploited in naturally occurring riboswitches. By
examining the sequence manually and by using structure-pre-
diction programs, a few possibilities for such structures were
noted, but subsequent experiments dismissed these options.

To further probe the mechanism we performed in-line prob-
ing on the RS11A 5-UTR, a method that probes for structural
changes in RNA in response to ligand binding. Although some
changes were noted in the aptamer and linker regions, the
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data did not provide a clear indication of mechanism (see the
Supporting Information). Several groups have previously
shown ligand-responsive expression in response to cloning an
aptamer immediately upstream of a gene.*>**2 While the pre-
cise mechanism has not always been clear, it is evident that in
the correct context the structural changes caused by aptamer-
ligand binding can have a significant effect on neighbouring
gene expression. For RS11A, we have selected for a sequence,
and presumably an RNA structure, that places the aptamer in a
suitable context to allow for theophylline-activated gene ex-
pression. This could perhaps occur through the ribosome’s
ability to access the different structures or at the level of RNA
stability, although this is entirely speculative.

In summary, we have demonstrated a novel means of creat-
ing synthetic riboswitches that relies on FACS and fluorescence
assays to isolate active riboswitches from a library. We believe
that this general scheme offers some distinct advantages in
engineering riboswitches in E. coli. Firstly, by selecting and
screening for the best sequences, there is less reliance on
clever engineering. Such designs are not usually generally
applicable and can require a structural understanding of the
aptamer that is not always available. FACS analysis allows for
millions of individual cells to be sorted in less than an hour,
which makes this strategy amenable to relatively high through-
put selections. FACS also allows the user to choose gate set-
tings that make it possible to fine-tune the stringency for each
round of selection, and ultimately to target whatever expres-
sion levels they hope to achieve. It should be noted, however,
that this method is limited with respect to the size of library
that can be sorted. While high-efficiency cloning strategies can
allow for much larger libraries to be produced than that used
in this study, libraries that approach the size commonly used
for in vitro experiments (~10") are not obtainable and could
not be sorted with this method. While sorting does allow for
much more flexibility than systems that are strictly rationally
designed, this method still requires a certain degree of engi-
neering.

This proof-of-principle effort targeted a transcriptional-termi-
nation mechanism, although our data indicate that this is not
what was obtained. We believe this to be a function of the li-
brary we used, as it is entirely possible that such a mechanism
was not achievable within the confines of our design. The un-
expected nature of what we isolated reinforces the advantages
of selection over strict engineering for elements such as this
and shows the power of the FACS method employed here. Ap-
plication of this method to sort libraries that more efficiently
target a given mechanism would presumably yield more effi-
cient riboswitches. This could be achieved by more thoroughly
designing a transcriptional-termination mechanism that in-
cludes carefully designed aptamer and terminator stems by
using random elements to fine-tune the system. Alternatively,
translational initiation is likely much simpler to target as only a
few bases of sequence (the ribosome binding site) need to be
structurally affected by ligand binding. Recently published
work that uses such a library design demonstrated impressive
induction levels and further supports this idea.”” One advant-
age of riboswitches that work by transcriptional termination,
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however, is that multiple copies of these elements could po-
tentially be used to obtain very tightly regulated systems. The
concept of multiple riboswitches that control the expression of
a single gene has been exploited in natural systems.”?"*

In addition to de novo creation of riboswitches, we feel that
this method has the potential to be used for modifying those
that have evolved naturally. Evolution has provided these ele-
ments with exquisite ligand-recognition characteristics and
gene-regulation capabilities. This makes natural riboswitches a
great starting point for the development of tools for synthetic
biology. However, in many cases it is desirable to modify these
riboswitches to exhibit different ligand specificity, to be re-
sponsive over a different ligand concentration range or to ex-
hibit more or less tightly regulated expression. The speed and
high-throughput capacity of the method demonstrated here
make it an ideal choice for such endeavours.

Experimental Section

Growth media, strains, plasmids and molecular cloning: All cells
were grown in Luria-Bertani (LB) broth supplemented with ampicil-
lin (50 ugmL™"). Library transformations were done by using E. coli
DH5a max efficiency competent cells (Invitrogen); this strain was
also used for FACS and 96-well fluorescence assays. All other ex-
periments were carried out by using Nova blues (Novagen) E. coli
cells. The pRB374 plasmid was used as the backbone for all con-
structs described. Sequence and detailed cloning information are
provided as the Supporting Information.

All molecular cloning, including restriction digests, ligations, trans-
formations, DNA phosphorylation and second-strand synthesis
were carried out according to well established, standard protocols
by following supplier instructions. Cloning of transcriptional termi-
nators and library sequences was done by using chemically synthe-
sized DNA that encoded the desired sequence (Mobix lab, McMas-
ter University; Integrated DNA Technologies, Coralville, IA, USA). In
some cases, two complementary DNA oligonucleotides with suita-
ble overhangs for cloning into the appropriate restriction sites
were annealed, phosphorylated by using T4 polynucleotide kinase
(PNK) and ligated into the digested plasmid. For other constructs,
DNA oligonucleotides (with the desired sequence flanked on either
side by suitable restriction sites) were made into a double-stranded
form by using a short primer and Klenow DNA polymerase, fol-
lowed by restriction digestion and ligations. The sequences of the
6E12 and RS11A linker regions were 5-ACTATATGAAGAGG-3’ and
5'-ATTGAAGGAAGAGG-3', respectively.

Fluorescence activated cell sorting (FACS) and colony isolation:
Prior to cell sorting, E. coli cells were washed several times with
PBS and resuspended in PBS at a concentration of approximately
107 cellsmL~". FACS was carried out by using a FACSVantage SE™
flow cytometry system (BD Biosciences). A 488 nm laser was used
for excitation, and fluorescence was detected by using a 530+
15 nm band pass filter. Sorting rates that ranged from 800-12000
events per second were used, depending on the requirements of
the particular experiment.

For the first round of selection, transformed cells were grown at
37°C for ~6 h in media supplemented with theophylline (2 mm;
Sigma) prior to being sorted. Positive cells were collected and
stored (diluted in several volumes of growth media) at 4°C for
~6 h. They were then grown at 37°C in media that lacked theo-
phylline for ~10 h prior to the second phase of FACS. The cells
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were diluted and plated on agar to yield ~100 cells per plate. Indi-
vidual colonies were picked manually, grown, overnight, at 37°C
and stored as frozen stocks in LB supplemented with glycerol
(15%). The second round of sorting was carried out in the same
manner as described above, except that cells were grown at 37°C
for only 5 h (rather than 10 h) prior to the second phase of FACS.
This was done to minimize selective growth advantages and other
anomalies associated with long periods of bacterial cell growth.

Fluorescence assays: High-throughput cell assays were carried out
in 96-well, clear polypropylene plates (Corning). Duplicate plates
were prepared by pinning, and allowed to grow for approximately
24 h at 37°C, one plate with theophylline and an identical plate
without. Fluorescence for both sets of plates was measured by
using a Tecan Safire fluorometer spectrophotometer with excita-
tion/emission set at 488/517 nm. The values were normalized by
subsequently measuring absorbance at 600 nm (ODgy,) for both
sets of plates. Colonies were chosen for examination based on the
ratio of the corrected fluorescence values in the presence and
absence of theophylline.

Low-throughput assays were carried out by picking individual colo-
nies from plates of cells that harboured the plasmid of interest.
These colonies were grown, overnight, at 37 °C, and diluted 1:1000
in fresh media supplemented with the indicated concentration of
inducer. After 7 h of growth at 37°C the OD4y, was measured for
each sample and approximately 3 mL of culture was centrifuged
(the centrifuged volume was varied to correct for differences in
ODgy) and the pellet was resuspended in PBS. The resuspension
process led to the cultures being concentrated ~eightfold (from
~3 mL to 400 pL). This was done to optimize the signal strength to
provide the most accurate possible data. A fraction of the resus-
pended cells (100 pL) was added to half-area, solid black 96-well
plates (Corning) and measured for fluorescence as described
above. Unless otherwise stated, the concentration of theophylline
used for all experiments was 2 mm.
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3-Methylarginine from Pseudomonas syringae pv. syringae
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Relative Pseudomonas syringae pv. glycinea
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The epiphyte Pseudomonas syringae pv. syringae 22d/93
(Pss22d) produces a toxin that strongly inhibits the growth of its
relative, the plant pathogen P. syringae pv. glycinea. The inhibi-
tion can be overcome by supplementing the growth medium
with the essential amino acid, L-arginine; this suggests that the
toxin acts as an inhibitor of the arginine biosynthesis. The highly
polar toxin was purified by bioassay-guided fractionation using
ion-exchange chromatography and subsequent RP-HPLC fractio-
nation. The structure of the natural product was identified by HR-
ESI-MS, HR-ESI-MS/MS, and NMR spectroscopy experiments as 3-

Introduction

Members of the genus Pseudomonas are widespread rod-
shaped Gram-negative bacteria with remarkable metabolic
versatility. The genus not only harbors many plant and human
pathogens but also comprises species that promote plant
growth, antagonize plant pathogenic microorganisms, or
induce resistance in plants." Their ability to produce a variety
of secondary metabolites that inhibit the growth of other
microorganisms®® makes fluorescent pseudomonads attractive
biological control agents against plant pathogens, in particular,
the closely related Pseudomonas syringae, which cause severe
economic losses worldwide.”™ Like most phytopathogenic bac-
teria that are not obligate parasites and survive in a wide
range of habitats, P syringae pathogens have been identified
from many plants and soil.>* P, syringae pv. syringae is one of
the most abundant pathovars of this species in nature.

In recent years, interest in the biological control of bacterial
plant diseases by using naturally occurring epiphytic bacteria
has increased. The screening for antagonistic epiphytes against
P. syringae plant pathogens has identified P. syringae pv. syrin-
gae strain 22d/93 (Pss22d) as a promising biocontrol agent.
Pss22d was isolated from a soybean leaf that did not show any
disease symptoms.” The antagonism of Pss22d against bacteri-
al blight of soybean caused by P. syringae pv. glycinea (Psg; Fig-
ure 1A) has been successfully demonstrated in vitro, in planta,
and under field conditions.*® As siderophore production of
Pss22d was excluded as an active principle of this antago-
nism,"” its toxins attracted our attention. In addition to produc-
ing the common (among P. syringae pv. syringae) syringomycin
and syringopeptin,®® Pss22d produces a hydrophilic low-mo-
lecular-weight toxin the structure of which is so far unknown;
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methylarginine. This amino acid has previously only been known
in nature as a constituent of the peptide lavendomycin from
Streptomyces lavendulae. Results of experiments in which la-
beled methionine was fed to Pss22d indicated that the key step
in the biosynthesis of 3-methylarginine is the introduction of the
methyl group by a S-adenosylmethionine (SAM)-dependent meth-
yltransferase. Transposon mutagenesis of Pss22d allowed the re-
sponsible SAM-dependent methyltransferase of the 3-methylargi-
nine biosynthesis to be identified.

this toxin was identified to selectively inhibit Psg but no other
pseudomonads (Figure 1B).”! This inhibition can be compen-
sated for by L-arginine supplementation (Figure 1C) but not by
any other essential amino acid; this suggests that the toxin in-
fluences arginine biosynthesis.”) Herein, we describe the isola-
tion, structure elucidation, and biosynthesis of this novel toxin
produced by Pss22d isolated from soybean.

Results and Discussion
Toxin production and purification

In order to identify the toxin produced by Pss22d that specifi-
cally inhibits Psg, its production was optimized by using vari-
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Figure 1. A) Bacterial blight disease caused by the plant pathogen P. syringae
pv. glycinea (Psg) on Glycine max (soybean); B) growth inhibition of the plant
pathogen Psg by P. syringae pv. syringae 22d/93 in vitro (white colony in the
middle of the plate); C) compensation of Psg growth inhibition by addition
of L-arginine (100 mm) to the medium.

ous growth media and temperatures. Highest toxin activity
was detected in HSC medium at 28°C. The growth curve of
Pss22d indicated that the toxin is already synthesized during
the exponential growth phase (Figure 2).
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Figure 2. Growth of Pss22d in HSC liquid media at 28°C for 72 h (n=3) and
toxin production (n=3; TU: toxin units).

Toxin production at the beginning of the log phase is rather
untypical for microbial secondary metabolite formation, such
as antibiotics or toxins. Their production is often initiated in re-
sponse to quorum sensing signals at the end of the stationary
growth phase."” As we have observed in Pss22d toxin forma-
tion, other secondary metabolites from P syringae pathovars,
for example, coronatine, are known to be produced during the
growth phase. Pss22d reached its maximum toxic activity
after 48 h and maintained a constant level (t-test, p < 0.05). The
toxic activity of the cell-free filtrates remained despite expo-
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sure to drastic pH values (pH 3-12) and temperatures of up to
121°C.

Initial purification experiments revealed that the toxin is
highly polar and cannot be extracted with organic solvents.
Nevertheless, it was soluble in methanol and binds to ion-ex-
change resins such as CM-Sephadex, C-25. In order to elucidate
the toxin structure, Pss22d was grown in HSC liquid medium
(1L) for 48 h at 28°C. The culture supernatant was extracted
with ethyl acetate and the bioactive water phase was freeze-
dried, taken up in methanol, and purified by ion-exchange
chromatography. The obtained fractions were analyzed in
agar-diffusion assays for bioactivity against the plant pathogen
Psg. Active fractions were eluted with ammonium hydrogen
carbonate (0.3m) from the ion-exchange resin. HPLC separa-
tion on a Phenomenex Synergy polar RP in combination with
ESI-MS detection allowed us to collect the fractions that con-
tained the pure toxin.

Structure elucidation

The toxin eluted at 3.7 min from the Phenomenex polar RP
HPLC column and exhibited a quasimolecular ion at m/z 189.
High-resolution ESI-MS suggested the molecular formula
C,H;N,O,, which indicates the presence of two double bond
units. Considering the physicochemical behavior of the toxin
together with its HR-ESI-MS, and the observation that the tox-
icity of the compound could be compensated for when L-argi-
nine (2) is supplied to the medium,” an amino-acid-like struc-
ture was suspected (Figure 3).

Comparison of the ESI-MS/MS spectrum of the toxin with
that of arginine (2) revealed a highly similar fragmentation pat-
tern. The shift of 14 amu for most of the fragments (175—189,
157—171, 158—172, 130—144, 116 —130, 112—126, 70—84)
pointed to an arginine derivative with an extra methyl group
(Figure 3). In order to prove the deductions and to identify the
position of the extra methyl group, 1D and 2D NMR spectra
were recorded from the purified toxin (1L; yield about
1mgL™). In the 'H NMR spectrum (MeOD, 500 MHz, 300K) a
doublet signal that accounted for a 3-CH; group at 0.91 ppm
was observed, and showed a cross-signal in the H,H-COSY to
the 3-CH group adjacent to the 2-CH—NH, moiety of an a-
amino acid. Moreover, signals corresponding to a —CH,—CH,—
chain were observed from the 3-CH group in the direction of
the guanidine residue. In addition, the APT and HSQC spectra
supported the deductions and proved the presence of a car-
boxyl group (signal at 171.7 ppm) as well as the imino group
(signal at 158.8 ppm) of the expected guanidine moiety (see
the Supporting Information).

By combining the obtained spectral information, the toxin
from Pss22d was identified to be 3-methylarginine (1). This
amino acid has so far not been found to occur as a free amino
acid in nature but it has been characterized previously as an
amino acid component of the peptide antibiotic lavendomycin
from Streptomyces lavendulae."®

Attempts to address the stereochemistry of 3-methylarginine
(1) by NMR spectroscopy and derivatization methods failed
because of the limited sample material. However, treatment of

ChemBioChem 2008, 9, 1913 -1920
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Antibacterial 3-Methylarginine from P. syringae pv. syringae 22d/93
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Figure 3. A) LC-ESI MS/MS of the [M+H]™ 189 of 3-methylarginine (1); B) LC-
ESI MS/MS of the [M+H] " 175 of arginine (2); and C) 'H NMR spectrum
(500 MHz, MeOD, 300 K) of 1.

3-methylarginine (1) with both the p-amino acid oxidase™

from porcine kidney and the L-amino acid oxidase"® from Cro-
talus atrox yielded only the expected oxo acid 7 with the L-
specific amino oxidase. Therefore, the amino group of 1 ap-
pears to be L configured.

Notably, the syn- and anti-isomers of the pentafluorobenzyl-
hydroxyloxime derivatives of 7, which were used for the sensi-
tive LC-MS detection of 7, exhibited strong differences in the
peak intensities of their ESI-MS/MS spectra. The separation of
the syn- and anti-isomers of the pentafluorobenzyloximes of 7
was more pronounced than that of the corresponding penta-
fluorobenzylhydroxyloximes derived from the transamination
of arginine (2; see the Supporting Information). The latter
effect can be attributed to the 3-methyl group of 1.

Biosynthesis of 3-methylarginine

Regarding the biosynthesis of 3-methylarginine (1), we focused
on the origin of the 3-methyl group, as it is responsible for the
toxic effect of 1. The methyl group of 1 might stem from a
small-molecule precursor that undergoes condensation with
another precursor molecule to form 1. However, methyl

ChemBioChem 2008, 9, 19131920
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groups are often introduced into molecules by S-adenosylme-
thionine (SAM)-dependent methyltransferases.”” The methyl
transfer from S-adenosylmethionine can be mediated by either
a nucleophilic attack to the protonated methyl group of SAM
or a radical reaction mechanism.'® Alternatively, the methyl
group of SAM could be used to methylate the cobalamin co-
factor of a vitamin B12-dependent enzyme. In cobalamin-de-
pendent enzymes, the methylcobalamin catalyzes the methyl
group transfer.l"”?

In order to address the origin of the methyl group, we cul-
tured Pss22d in the presence of labeled [*H;-CH,-S]-methio-
nine, the precursor of SAM (5). As the [*Hs;]-methyl group was
found to be incorporated into [3-?H,]-3-methylarginine (1b) in
high yields (95%), there is no doubt that the methyl group of
3-methylarginine (1) originates from SAM. However, the feed-
ing experiment did not clarify whether 5-amino-2-oxopentano-
ic acid (6) or 5-guanidino-2-oxopentanoic acid (7) serves as
precursor for the introduction of the methyl group into 1.
Moreover, this feeding experiment did not address any mecha-
nistic details of the methyl group transfer.

Random Tn5 transposon mutagenesis was used to identify
the methyltransferase gene of Pss22d that catalyzes the
methyl group transfer in 3-methylarginine biosynthesis. One of
the obtained mutants, Pss22d.1 (Table 1), was identified as a
SAM-dependent methyltransferase mutant by sequencing the
flanking regions of the miniTn5 insertion. We analyzed the su-
pernatant of mutant Pss22d.1 that was grown in the presence
of spectinomycin as a selection marker and detected no trace
of 1 in the LC-MS analysis (Figure 4). As a control, to see
whether spectinomycin itself might affect 3-methylarginine
formation, two nonmethyltransferase Tn5 mutants (Pss22d.2,
Pss22d.3) were analyzed; these were also grown in the pres-
ence of spectinomycin, and both produced 1, as did the wild
type.

Table 1. Bacterial strains and plasmids used in this study.

Strains Relevant characteristics™ Source

P. syringae pv. syringae

Pss22d wild type from soybean &l

Pss22d.1 transposon mutant, this study
3-methyl-arginine negative, Sp"

Pss22d.2 transposon mutant, this study
3-methyl-arginine positive, Sp"

Pss22d.3 transposon mutant, this study
3-methyl-arginine positive, Sp"

P. syringae pv. glycinea

Psgla wild type from soybean ©l

E. coli

DH5a recA lacZAM15 B4

S17\pir recA, thi, pro, hsdR-M +-, 1351
RP4:2-Tc:Mu:Km Tn7, Apir, Tp', Sm"

Plasmids

pCAM-Not Sp', Amp', mTn55540 transposon, 391
pUT/mini-Tn5 Sm/Sp

pBBR1MSC cloning vector, broad host range, el
IncP IncQ, Cm’

[a] Cm', Sp’, Km', Amp’, Tp", Sm" resistance to chloramphenicol, spectino-

mycin, kanamycin, ampicillin, trimethoprim, streptomycin, respectively.
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Their methyltransferases (GImT,
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tides, such as calcium-depen-
dent antibiotic (CDA), daptomy-
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Figure 4. A) Wild-type Pss22d and B) SAM-methyltransferase mutant Pss22d.1. The ESI-MS/MS traces [M+H—18]"
m/z 171 of 3-methylarginine (1) together with the agar-diffusion assays against Psg are shown (HPLC: HILIC con-

ditions, Phenomenex Luna NH,).

As the test organism, Psg, is sensitive to spectinomycin for
the agar-diffusion assay, the mutant Pss22d.1 had to be cul-
tured without spectinomycin in order to assess the superna-
tant of the mutant Pss22d.1 in the bioassay (see the Support-
ing Information). No growth inhibition of Psg by the mutant
extract was observed in this bioassay (Figure 4B).

The obtained sequence for Pss22d was 95 % identical to the
hypothetical protein YP_233230 (putative methyltransferase) of
the fully sequenced strain Pseudomonas syringae pv. syringae
B728a (PssB728a does not produce 1).'® In order to distinguish
between a SAM-dependent, a radical SAM-dependent, or a co-
balamin-dependent methyl transfer mechanism, the conserved
domains of the putative methyltansferase protein of Pss22d
were compared to representatives of each class (Figure 5).

Methyltransferases share characteristic sequence motifs that
allow them to be classified together. For example, motif 1
(DXGXGXG) is characteristic for a SAM binding site." For radi-
cal SAM methyltransferases, a CXXXCXXC motif that is crucial
for Fe—S cluster binding and a SAM-binding site DXHXXG
motif (motif 1) are typical. Cobalamin-dependent enzymes
have motif 1 but also comprise motif 2 (DXXGXS...GG), which
is involved in cobalamin binding.””

The methyltransferase of Pss22d comprises a SAM-binding
site (motif I) but is missing the characteristic motifs of radical
SAM enzymes as well as those of cobalamin-dependent en-
zymes (motif 1 and 2, Figure 5). Also no Fe—S cluster binding
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cin, and A54145% The SAM-
dependent methyltransferases of
3-methylglutamate biosynthesis,
however, show similarity to the
ubiquinone  methyltransferase
(UbIE).?? The results of the com-
parison of the conserved do-
mains of type 12 SAM methyl-
transferases and UbiE SAM methyltransferase indicate that
motif | but not motifs Il and Il are conserved between both
types (Figure 5). These differences may also suggest some dif-
ferences in the catalytic mechanism.

Given the protein sequence alignment, we suggest the fol-
lowing mechanism for the formation of 3-methylarginine by
the methyltransferase from Pss22d (Scheme 1).

The electrophilic protonated methyl thioether of SAM (5) is
attacked by a nucleophilic enol of a 2-oxo acid precursor (3 or
4); this yields the 3-methyl-2-oxo-acid 6 or 7. Subsequently,
the 3-methyl-2-oxo-acid 6 or 7 is converted to 3-methyl-2-
amino acid 8 or 1 by a transaminase. Furthermore, radical
methylation mechanisms are usually only favored to perform
reactions at non-nucleophilic sites of the target molecule.
Clearly, the ease of the formation of a nucleophilic enol 3 or 4
that is prone to react with the electrophilic protonated methyl
group of SAM favors the suggested mechanism over a radical
that requires a more elaborate catalytic mechanism."®

Ecological role of 3-methylarginine and suggested mode of
action

3-Methylarginine (1) from Pss22d constitutes a powerful and
selective toxin against Psg, and approximately 20 nmol of 1
cause a 33 mm inhibition zone in the agar-diffusion assay
against Psg (Figure 4A). Thus it is likely that the epiphytic
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Scheme 1. Suggested biosynthesis of [3-°H,]-3-methylarginine (1b) deduced
from administration of [*H;-CH5-S]-methionine to the growth medium and
the protein sequence alignment (Figure 5).

thesis of ornithine and arginine. Even though mangotoxin is
not structurally related to 1, it is interesting that both com-
pounds seem to target arginine biosynthesis.

Conclusions

In summary, we have established the structure of the toxin
from Pss22d to be the rare nonproteinogenic amino acid 3-
methylarginine (1), which is highly active against the closely re-
lated plant pathogen Psg. The key step in its biosynthesis is
the introduction of a 3-methyl group—very likely into a 2-oxo
acid precursor—by the action of a SAM-dependent methyl-
transferase, which has been identified by transposon mutagen-
esis. Strikingly, the small modification of the additional methyl
group, in comparison to the proteinogenic amino acid arginine
(2), turns 1 into a potent and selective toxin against Psg.

Future experiments are needed to fully characterize the bio-
synthetic genes. The enzymes involved in 3-methyl amino acid
biosynthesis are also attractive for the biotechnological pro-
duction of 3-methyl amino acids, because such amino acids
are not easily accessible in an enantiopure form by synthetic
approaches.”® The identification of 3-methylarginine (1) now
allows further detailed studies of the chemoecological role of
this toxin for the epiphyte Pss22d and its habitat to be carried
out. Moreover, its potential as a biocontrol substance against
the plant pathogen Psg can be evaluated in detail.

Experimental Section

General: ESI-MS measurements were performed by using a Ther-
moelectron LTQ or LCQ hooked to a HP-1100 HPLC that was fitted
with a Phenomenex Synergy polar RP (250 mmx2 mm, 4 pm)
column, Phenomenex Luna NH, (250 mmx2 mm, 5 pm) column, or
an Alltech Grom-Sil ODS-7 PH (125 mmXx2 mm, 4 pm) column. Al-
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ternatively, the HPLC system was hooked to a Gilson 206 fraction
collector in order to collect pure samples for NMR spectroscopy
analysis. HR-ESI-MS measurements were conducted by direct inser-
tion of the purified sample via a syringe pump by using a Thermo-
electron Orbitrap; NMR spectroscopy was performed with a Bruker
DRX 500 MHz NMR spectrometer. The chemical shifts of 'H NMR
and "*C spectra are given in ppm (d) and were referenced to the
solvent signal CD;0D 3.31 and 49.00 ppm, respectively.

Strains and culture conditions: The bacterial strains used in this
study are listed in Table 1. P. syringae pv. syringae 22d/93 (Pss22d)
wild type was previously isolated from soybean leaves.”’ Pss22d,
the mutants of Pss22d, and the indicator strain P. syringae pv. glyci-
nea 1a/96 (Psgla) were cultured and maintained on King's B®®
agar plates at 28°C. Cultures of Pss22d and its mutants were cul-
tured in 1 L HSC (Hoitink-Sinden medium optimized for coronatine
production) liquid medium®® on a shaker with 200 rpm at 28°C for
48 h. Then spectinomycin (25 pgmL™') was added to the medium
of the mutants. E. coli DH5a were cultured on Standard 1 (Merck)
agar plates and used for DNA manipulation.

Growth curve, physical, and chemical characteristics: In order to
optimize the toxin production of Pss22d, different media (HSC,*
5b,%% Pipest") and temperatures (18, 28°C) were tested. The
growth curve of Pss22d was determined in three parallel experi-
ments by using a Pss22d culture grown in HSC (100 mL) medium
that was shaken (200 rpm, 28°C) for 72 h. From an overnight pre-
culture, the main cultures were inoculated with approximately 7 x
107 cfumL™". Every 6 h samples were withdrawn and absorbance at
578 nm was measured (Amersham Bioscience, Ultraspec 2100 pro).
The toxic activity of each sample was determined by agar-diffusion
assay (see below). Physical parameters of the toxin were assessed
by using a cell-free filtrate from Pss22d (heat stability at 65, 80,
100, and 121 °C for 15 min, and at 100°C for 60 min; pH stability at
pH 3, 9, and 12 for 15 min, and then readjusted to the original
pH 6).

Agar-diffusion assay: Pss22d, its mutants, and all fractions of the
purification were screened for toxin activity by using agar-diffusion
assays with Psgla as indicator strain. Psgla was cultured on
King’s B agar plates, overnight, at 28°C. Single colonies of Psgla
were scraped from the plate and resuspended in sterile water. A
sample of this suspension (2 mL, about 4x 10% cfumL ') was added
to 50 mL of melted 5bagar medium (50°C) and poured onto
plates (130 mm); samples (50 puL) were added into wells (9 mm) in
the agar plates. The plates were incubated at 28°C and analyzed
after 24 h. To determine the relative toxin concentration, a stan-
dard curve was prepared by using the culture filtrate after the ion-
exchange purification step (Supporting Information).

Isolation and identification of 3-methylarginine (1): Preliminary
experiments with anion- and cation-exchange resins and different
potassium buffers indicated that the best binding activity was on a
cation exchange matrix (CM-Sephadex C-25) with HPLC water
(pH 8.0). In order to remove hydrophobic substances from the
crude extract it was extracted with ethyl acetate. The subsequent
agar-diffusion assay indicated the presence of toxic activity in the
water phase. The toxin extract was freeze-dried. Despite the hydro-
philic properties of the toxin, it was easily soluble in methanol (re-
covery about 90% of toxic activity). The methanol phase was con-
centrated in vacuo and resuspended in water. These samples were
directly applied onto a CM-Sephadex column (GE Healthcare Tri-
corn™, diameter 10 cm, length 300 cm). Preliminary gradient analy-
sis on CM-Sephadex column resulted in a stringent elution of the
toxin at 0.3 M ammonium hydrogen carbonate (pH 7.8). To simplify
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the purification, HPLC water and ammonium hydrogen carbonate
(0.2 M, pH 7.8) were used for loading and washing, respectively. A
0.3 M ammonium hydrogen carbonate solution served for elution
and a 1.0m ammonium hydrogen carbonate solution (pH 7.9) was
used to clean the column. Active fractions were pooled and con-
centrated in vacuo. Further purification was performed by using
HPLC separation (Phenomenex Synergy polar RP column); flow
rate 0.25 mLmin™’, solvent A: H,0, 0.1% TFA; solvent B: MeCN, 0.1
TFA; gradient: 5 min 100% A, in 27 min to 100% B, 100% B 5 min;
injection volume 10-100 uL. Alternatively, samples were assayed
by using a Phenomenex Luna NH, under HILIC conditions (sol-
vent A: H,O, 0.1% AcOH; B MeCN, 0.1% AcOH; gradient: 3 min
100% B, in 27 min 100% A, 100% A 5 min, injection volume 10-
100 pL).

3-Methylarginine (1): t;=3.7 min (Phenomenex polar RP); tz=
18.9 min (HILIC Phenomenex Luna NH,); ESI-MS: [M+H]" 189
(100); HR-ESI-MS: C;H;N,O, found 189.1344, calcd 189.1345; ESI-
HR-MS/MS of 189: 189.1344 (9), 172 (25), 171.1239 (100, C,H,;ON,),
154 (4), 144.1130 (12, C4H,,ON,), 130.0861 (35, C;H,,0,N), 84.0807
(6, CsHyoN), 60.0557 (18, C;H¢N,); "H NMR (500 MHz, MeOD, 300 K):
0=1.09 (d, J=7.1, 3H, CH,), 1.53-1.63 (m, 1H, C4), 1.81-1.91 (m,
1H, C4), 2.27-2.37 (m, 1H, C3), 3.21-3.37 (m, 2H, C5), 3.93 (d, J=
3.7 1H, C2); APT-NMR (125 MHz, MeOD, 300 K): 6 =14.70 (CH,, C7),
32.58 (CH,, C4), 32.96 (CH, C3), 40.12 (CH,—N, C5), 58.62 (CH—NH,,
C2), 158.79 (C=NH, C6), 171.67 (C=0, C1).

Arginine (2): ESI-MS: [M+H]™ 175 (100); ESI-MS/MS of 175: 175 (23),
158 (100), 157 (73), 130 (37), 116 (51), 70 (7), 60 (41).

Feeding of [*H;]-L-methionine: [*H,]-L-methionine (1 mg) was
added to HSC liquid medium (100 mL) with a cell density of ap-
proximately 7x10” cfumL™" of Pss22d. After 48 h at 28°C, the cul-
ture was harvested and the samples were worked-up by ion-ex-
change chromatography as described above. The incorporation of
the label into 3-methylarginine (1) was monitored by LC-ESI-MS/
MS analysis.

[?H,]-3-Methylarginine (1b): ty=3.7 min; ESI-MS: [M+H] " 192 (100);
ESI-MS/MS of 192: 192 (8), 175 (27), 174 (100), 157 (4), 147 (14),
133 (37), 87 (6), 60 (17).

Tn5 mutagenesis: Transposon mutagenesis of Pss22d was carried
out by mating experiments on Standard 1 agar at 28°C, overnight,
by using E. coli S17\pir containing the plasmid pCAM-Not with the
Tn5 minitransposon mTn55540 as donor strain (Table 1). Derivative
Pss22d mutants were isolated on MG medium® with spectinomy-
cin (25 pugL™") as selection agent. Toxin negative Pss22d mutants
were analyzed by shotgun sequencing. Briefly, isolated genomic
DNA of toxin negative Pss22d mutants and the cloning vector
pBBR1MCS were digested, overnight, with Sall and then ligated by
using T4 DNA ligase (Fermentas ELO015). Derived plasmids were
transformed by electroporation into E. coli DH5a. Transformed
E. coli cells were screened on selective standard 1 medium contain-
ing spectinomycin for antibiotic selection. The primer “miniTn5-
out” (5'-CTCACAGCCAAACTATCAGG-3) was used for sequence
analysis of the region that flanked the miniTn5 insertions. For the
alignment the program DNAStar Megalign was used. Conserved
domains were analyzed by using the protein BLAST search engine
of NCBI.2"

LC-ESI-MS/MS analysis of the mutants Pss22d.1, Pss22d.2, Pss22d.3,
and the wild-type Pss22d was performed by using a 100 mL cul-
ture. For the mutants two cultures were analyzed. The first culture,
which was without spectinomycin, was used to evaluate toxin ac-
tivity in the agar-diffusion assay. The second culture contained
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spectinomycin (25 pgL™") as a selective agent and was used for
the LC-MS analysis of the mutant’s 3-methylarginine (1) content. To
quantify 1 production by the mutants and wild-type, L-arginine
(5 ugmL™", 2), which is not present in the Pss22d culture medium
was added to the supernatant before the sample was worked-up
as internal standard. After ion-exchange chromatography (see
above), the samples were injected into the LC-MS system. Wild-
type samples were worked-up, assayed, and analyzed in the same
way as the samples of mutants.

Stereochemistry of 3-methylarginine (1): 3-Methylarginine (ca.
100 png) was added to either p-amino acid oxidase (3 units) from
porcine kidney (Sigma A5222) and catalase from bovine liver
(2950 units; Sigma C1345) in Tris buffer (300 uL, 30 mm, pH 8.3), or
to L-amino acid oxidase type VI (0.2 units) from Crotalus atrox
(Sigma A5147) in Tris buffer (pH 6.7, 30 mm). The mixtures were in-
cubated at 37°C for 1 h. The enzymes were precipitated by being
vortexed for 2 min after the addition of HCl (6N, 50 pL) and CH,Cl,
(500 pL). After centrifugation, the H,O layer was collected, dried in
an argon stream and redissolved in methanol (500 pL). After deri-
vatization with pentafluorobenzylhydroxylamine hydrochloride
(200 ug; 37°C, 1 h) the samples were analyzed by LC-MS/MS.®¥ As
controls L- and p-arginine were each subjected to both amino acid
oxidases and analyzed in the same way as 1. HPLC column: Grom-
Sil ODS-7 PH (125 mmx2 mm, 4 um) HPLC program: 3 min 0% B,
in 27 min 100% B, 10 min 100% B; A: H,O, 0.5% AcOH; B: MeCN,
0.5% AcOH; flow rate 0.2 mLmin~".

Pentafluorobenzyloxime of 2-oxo-3-methylarginine (7): t;=16.6 and
16.9 min (syn- and anti-isomers, respectively); ESI-MS: [M+H]* 383;
HR-ESI-MS: C,,HO;N,Fs found 383.11368, calcd 383.11371; ESI-MS/
MS of 383 at 17.7 min: 339 (4), 141 (100), 126 (1), 124 (9); ESI-MS/
MS of 383 at 18.4 min: 339 (100), 141 (11), 126 (18), 124 (1).
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The dendritic cell-specific intercellular adhesion molecule (ICAM)
3-grabbing nonintegrin (DC-SIGN) is a C-type lectin that appears
to perform several different functions. Besides mediating adhe-
sion between dendritic cells and T lymphocytes, DC-SIGN recog-
nizes several pathogens some of which, including HIV, appear to
exploit it to invade host organisms. The intriguing diversity of the
roles attributed to DC-SIGN and their therapeutic implications
have stimulated the search for new ligands that could be used
as biological probes and possibly as lead compounds for drug
development. The natural ligands of DC-SIGN consist of mannose
oligosaccharides or fucose-containing Lewis-type determinants.

Introduction

Dendritic cells (DCs) are antigen-presenting cells and currently
understood as critical controllers of the immune response."
Immature DCs localized in peripheral mucosal tissues act as
pathogen sentinels: specific receptors on DCs recognize and
internalize pathogens, which are then degraded by lysosomal
enzymes. The resulting fragments are presented by major his-
tocompatibility complex (MHC) molecules at the DC surface
and are used to activate naive Tcells and eventually induce an
effective immune response.

DC-SIGN is one of the dendritic cells’ specific pathogen-
uptake receptors. It was brought to the attention of the scien-
tific community by the group of van Kooyk, who reported that
HIV-1 targets DC-SIGN but escapes degradation in lytic com-
partments, and thus uses DCs as a Trojan horse to invade the
host organism.” After this discovery, it was shown by several
groups that many pathogens are recognized by DC-SIGN; this
indicates that this lectin could participate in some way during
the corresponding infection process.® Hence, this receptor is
currently considered as an interesting new target for the
design of anti-infective agents.”® Furthermore, as the detailed
molecular mechanisms by which this receptor operates are not
known, effective modulators of DC-SIGN are needed to help
clarify the different biological processes in which it can be
involved.

In humans, DC-SIGN is expressed together with a closely re-
lated receptor, DC-SIGNR, which is found on a different subset
of cells. Both receptors belong to the calcium-dependent C-
type lectin family and recognize high-mannose N-linked oligo-
saccharides. DC-SIGN, but not DC-SIGNR, can also recognize
branched fucosylated structures that bear terminal galactose
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Using the known 3D structure of the Lewis-x trisaccharide, we
have identified some monovalent a-fucosylamides that bind to
DC-SIGN with inhibitory constants 0.4-0.5 mm, as determined by
SPR, and have characterized their interaction with the protein by
STD NMR spectroscopy. This work establishes for the first time a-
fucosylamides as functional mimics of chemically and enzymati-
cally unstable a-fucosides and describes interesting candidates
for the preparation of multivalent systems able to block the re-
ceptor DC-SIGN with high affinity and with potential biomedical
applications.

residues, such as the Lewis antigens expressed at the surface
of viruses and bacteria as glycoconjugates.”""

Binding of fucose-containing oligosaccharides to DC-SIGN
has been reported by several groups.”®'*'¥ Fucose itself was
reported to bind DC-SIGN with a dissociation constant of ap-
proximately 6 mm.®! A glycan array study"” performed with a
Consortium for Functional Glycomics array of 130 glycan struc-
tures indicates that the presence of a terminal fucose residue
is not a sufficient condition for DC-SIGN binding. However, 14
fucose-bearing glycans were found to bind selectively to DC-
SIGN. All of these molecules contain a terminal fucose residue
and have the structure of Lewis epitopes. It is well known that
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the Lewis trisaccharides assume a well-defined, highly con-
served 3D structure, with the fucose ring stacked on top of the
galactose residue." The same feature was observed in the X-
ray structure of the DC-SIGN-Lewis-x complex (PDB ID code:
15L5). In this complex, fucose coordinates the Ca** ion in its
site and the galactose residue interacts weakly with a secon-
dary binding site.

There are few reports describing noncarbohydrate inhibitors
of lectins. Most examples are concerned with compounds
designed to block selectins.>™”
Glycomimetic inhibitors of the
cholera toxin have been report-
ed."®? We have recently de-
scribed a mannobioside mimic
that binds to DC-SIGN and
shows an effective antiviral activ-
ity in an infection model for the COOMe H
Ebola virus.*® The Kiessling HO& ﬁ/CONH
group has also recently reported
on the discovery of noncarbohy-
drate small-molecule inhibitors 22
of DC-SIGN by high-throughput
screening (HTS) of combinatorial
libraries.”! Herein, we present a
novel fucose-based mimic de-
signed to reproduce some sali-
ent features of the Lewis-x trisaccharide, and which appears to
effectively interact with the DC-SIGN receptor.

a-Fucosides are both enzymatically and chemically labile.!
C-Glycosides have often been used as mimics of monosacchar-
ide units. However, the conformation of a-L-C-fucosides has
been found to deviate significantly from the native 'C, chair.*¥
a-Glicosylamides, although difficult to synthesize,”>*” have the
advantage of being chemically stable and essentially unknown
in Nature,”® they are therefore likely not to be recognized by
hydrolytic enzymes. The only a-fucosylamide reported so far
was found to adopt the 'C, chair conformation.”*” In order to
design a fucose-based DC-SIGN ligand, we selected to use an
a-fucosylamide anchor and connected it to a galactose or gal-
actose mimic,”” and thus reproduced the basic 3D features of
the Lewis-x trisaccharide 1. As an additional requirement
aimed to improve the metabolic stability of the construct and
to simplify the synthesis, the linker and the sugar or sugar-like
fragments were connected, avoiding glycosidic bonds. From
the template 2, the structure of the linker was chosen by per-
forming a conformational search of the candidates (MacroMo-
del’'s MC/EM, with the AMBER* force field®”) and overlapping

A)

23]

HO

Sox
HOOH H,;C 6] | OH
HO AcHN HO (o]
OH C OH
O OR
HO HO X
1 OH HO

Lewis-x 2

Joxun

H,C:
HO
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the resulting conformations within 3 kcalmol™ to the Lewis-x
trisaccharide. In this way, (15,2R)-2-amino-cyclohexanecarboxyl-
ic acid was identified as an interesting candidate that appeared
to promote stacking of the two sugars fragments. Further-
more, the use of a galactose mimic rather than galactose itself
appeared to improve the structural similarity between 2 and 1
by reducing the H-bonding interactions between the sugar
and linker that distorted the ligand away from the desired
shape (Figure 1).

B) OH
HO, wOH

Figure 1. A) Structure of mimic 2a, B) its predicted conformation, and C) superimposition with the Lewis-x trisac-
charide (2a framework in gray and Lewis-x in green).

As a result of this design, compound 2a (Figure 1) emerged
as an interesting target. Compound 2a is a diamide formed by
an unnatural f-amino acid ((15,2R)-2-amino-cyclohexanecar-
boxylic acid), and therefore it is expected to be stable to pep-
tide hydrolases.®" Computational analysis suggested that 2a is
dynamically rather flexible but it mainly adopts (by more than
609%) the conformation shown in Figure 1B and C (gray frame-
work), which overlaps satisfactorily with the Lewis-x trisacchar-
ide (Figure 1C, green framework). Herein, we report on the
synthesis of 2a, its NMR conformation, and on the initial bind-
ing studies with the DC-SIGN extracellular domain, which were
performed by STD NMR spectroscopy and surface plasmon res-
onance (SPR).

Results and Discussion
Synthesis of the target diamide 2a

Retrosynthetically, the diamide 2a can be disconnected into
the known dihydroxyacid 4°? and the a-fucosylamido-amine 3
(Scheme 1). As we have noted above, only a handful of pro-
cesses are available for the synthesis of a-glycosylamides,®>"
and the most efficient ones (see below) use a glycosylazide as
the starting material. Based on this, the intermediate 3 can be
envisaged as deriving from the O-acetyl-fucosylazide 5% and
the (1S,2R)-2-amino-cyclohexanecarboxylic acid 6 (Scheme 1).
Like 4, 6 is a known compound.* Both 6 and 4 share tetrahy-
drophtalic anhydride 9 as the common precursor via the inter-
mediates shown in Scheme 1. Activation of acid 6 as a pyridyl
thioester was achieved under Mukaiyama conditions® to
afford 10 in 67 % yield (Scheme 2).

ChemBioChem 2008, 9, 1921 - 1930
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AcO

OAc
HObJ\\OH

HN o0 /——
Me o H,N
t) 3
MeOOC HN
MeOOC
N aCOOH
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4 OH

Scheme 1. Retrosynthetic analysis of 2a.

o) 2
COOMe ~COOH JUS |
G @ —-

"“COOH ‘NHCbz ’

8 10

NHCbz

Scheme 2. Synthesis of the activated ester 10: a) DPPA, Et;N, then PhCH,OH;
b) LiOH, MeOH/H,0; c) PhsP, dipyridyldisulfide.

The most demanding task in the retrosynthetic plan consists
of the synthesis of the a-fucosylamide moiety 3. The difficulties
stem from the rapid a to § anomerization of 1-amino glycopyr-
anosyl derivatives—a process so notoriously fast that a
number of approaches have been investigated to circumvent

rU

Bl N N

AcO
OAc
OAc
HsC o]
5 N3
wCOOMe
COOH
CbzHN ..,
"COOH o
6
O
wCOOH EICOOME / 9 O
COOH COOCH

ent-8

it In a clever turn, the group of DeShong has taken ad-
vantage of the easy anomeric equilibration and has shown
that treatment of a-or -2,3,4,6-tetra-O-acetyl-glucopyranosyl-
azide (Scheme 3) with PhsP in refluxing 1,2-dichloroethane
under anhydrous conditions yields a single oxazoline 11,
formed by cyclization of the intermediate iminophosphorane,
which can only occur in the a-anomer (Scheme 3). Acylation of
the oxazoline with pyridylthiolesters occurs with retention of
the configuration at the anomeric carbon to afford the a-glu-
cosylamide with good selectivity (Scheme 3).2¢
For its simplicity, the DeShong approach appears attractive
for large-scale synthesis and we began to investigate its exten-
sion to the fucose series. The required tri-O-acetyl-fucosylazide
5 was prepared in 94% yield and in 9:1 (f/a) ratio from O-tet-
racetyl-fucose 12 by using trimethylsilyl azide and TMSOTf?*
(Scheme 4). Application of the DeShong protocol re-
vealed that the Ph;P reduction of 5 is very slow in di-
chloroethane and many byproducts are formed. How-

o ever, fucosyloxazoline 13 could be obtained quantita-
A"A%MNS OAc OAc tively in 12 h in refluxing nitroethane (Scheme 4). The
o OAc a ACO ¢} b) AcO Q acylation reaction with 10 was best performed one-

— > AcO —> A AO M. R pot at 40°C for 20 h to afford 14 in 67 % overall yield,

OAc O>;N e after chromatography. The anomeric configuration of
Aco/m‘ © 14 was unequivocally established on the basis of the
AcO ACO 1 coupling constant of the anomeric proton (H1 at

Scheme 3. The DeShong synthesis of a-glucopyranosylamides:?* a) Ph,P, refluxing di-

chloroethane; b) RCOSPy, CuCl,.

OAc

OAc

OAc

N

5.7 ppm) J,,=5.2 Hz, which is typical of an a-glycosyl-
amide.” Less than 10% of the  epimer was formed
under this condition, as identified in the crude reac-
tion mixtures by the presence of a second anomeric

OAc

OA
€ OAc

OAc
0] Me

OAc Me )
[9)
X Memo —_— HN o — HN o

12 X= OAc
a) E
5 X=Ng 13

BzCHN

14 3

Scheme 4. Synthesis of a-fucosylamide 3: a) TMSOTf 0.4 mol equiv, TMSN;, DCM, room temperature, 94%; b) Ph;P, EtNO,, reflux 12 h, then 10, 20 h, 40°C;

<) H,, Pd-C.
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QO —» OH

COOMe
HO CONH

Scheme 5. Synthesis of the target diamide 2a: a) TBDMSCI, Et;N, CH,Cl,, then AC,0, DMAP, pyridine, dilute HCl work-up; b) HBTU, 69 %; c) MeONa, MeOH.

carbon at 81 ppm, coupled in the Hetcor spectrum to a proton
at 5.2 ppm. The estimated o/ anomeric ratio was 11:1. Re-
moval of the carbobenzyloxy protecting group by hydrogen-
olysis occurred with concomitant double bond reduction to
yield 3 and set the stage for the final coupling reaction.

Direct activation of the dihydroxyacid 4 caused fast lactoni-
zation under a number of conditions. Lactone formation was
also triggered under acetylation conditions (Ac,O, pyridine).
However, the diacetate 15 (Scheme 5) was obtained in good
yields by a temporary protection of the carboxy group (tBu-
Me,SiCl, Et;N, CH.Cl,), followed by treatment with Ac,0, and
work-up with diluted HCl. Condensation of 15 with 3 was
obtained by HBTU activation, and afforded 16 in 69% yield
(Scheme 5). Removal of the protecting groups under stan-
dard®® conditions gave the target 2a.

Given the limited contribution of the galactose fragment to
the Lewis-x-DC-SIGN stabilizing interaction™” and, in general,
for comparison purpose, the unprotected fucosylamide 17 was
also prepared by nitrogen acetylation of 3 followed by Zem-
plen’s deprotection according to Scheme 6.

NMR spectroscopy studies: conformation of 2a and inter-
action with DC-SIGN

Compound 2a was analyzed by NMR spectroscopy in order to
determine its conformation. Spectral overlap and low NOE sig-
nals did not allow definition of the relative orientation of the

OAc OH

OAc OH
OA OH
Me O ¢ Me e}
HN O a), b) HN O
—_—
H,oN AcHN
3 17

Scheme 6. Synthesis of fucosylamide 17: a) Ac,0, pyridine; b) MeONa,
MeOH.
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three cyclic fragments in 2a. However, some key points could

be addressed:

" hN o

OH 1

CO,Me

2 H H? H!

HO > N
o CAA
2a

1) The conformation of the cis-3-aminoacid (CAA ring): AMBER*
calculations predicted a single chair conformation for this
fragment that features the carboxy group in the equatorial
position and the amino group in the axial position. Cou-
pling constant analysis of 2a in CD,OD (600 MHz, 300 K)
confirmed the modeling results. The H2 proton signal ap-
pears as a broad singlet at 4.27 ppm and H1 as a multiplet
centered at 2.72 ppm. lIrradiating at 4.27 ppm, the H1
signal is resolved into a doublet of doublets with one cou-
pling constant of 10 Hz and one of 42 Hz (J; 4, and J; geq
respectively); this is consistent with an axial position for
this proton and with the chair conformation of the CAA
ring.

2) The conformation of the cyclohexanediol (CHD ring): The
conformational properties of this fragment have been dis-
cussed in detail previously."™ Also, in the context of 2a,
this ring displays the single conformation, as revealed by
the CHD-H, and CHD-H, proton signals, which appear at
3.04 and 2.66 ppm (600 MHz; CD,0D), respectively, as dou-
blets of triplets with coupling constants of 12 and 3.6 Hz.

3) The conformation of the fucose ring (F): This was one point
of major concern for the design of 2a. The fucose ring, in
fact, can undergo conformational equilibration between

ChemBioChem 2008, 9, 1921 - 1930
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the native 'C, chair and the isomeric *C; chair. Bulky sub-
stituents in the axial position on the anomeric carbon tend
to promote this equilibration. As we have noted above, o-
L-C-fucosides do not adopt the native 'C, chair,® but
recent results suggest that a-fucosylamide can do s0.**”!
The large coupling constant value between the H2 and H3
protons of the pyranose ring (J,.;=10.8 Hz, 600 MHz;
CD;0D) in 2a confirmed the trans-diaxial arrangement of
these protons and supported the notion that a-fucosyl-
amides are structural mimics of a-fucosides.

Saturation transfer difference (STD)®” experiments allowed
observation of the binding event between DC-SIGN and ligand
2a. In STD experiments, irradiation of the protein is followed
by transfer of magnetization to the ligand protons, which in
turn causes a signal enhancement that can be best appreciat-
ed in the difference spectrum. STD experiments were carried
out in the presence of the DC-SIGN extracellular (ECD) domain
40 pum in D,O (d-Tris buffer, pD 8, 150 mm NaCl, 4 mm CaCl,) at
several ligand to protein ratios (from 12.5:1 to 500:1) and dif-
ferent saturation times (from 0.5 to 3 s). The experiments show
clear signals that correspond to the fucose moiety Fuc-H1
(5.4 ppm), Fuc-H2 (3.9 ppm), Fuc-H3 (3.8 ppm), and Fuc-H4 and
H5 (3.7 ppm; Figure 2). This confirms that indeed binding

v

B)

T T T T T T T T T T T T T
65 6.0 55 50 45 40 35 30 25 20 15 1.0 ppm

Figure 2. STD spectra of 2a and DC-SIGN ECD: A) 2a 'H NMR spectrum
(2 mm in buffer); B) 2a STD irradiating frequency —300 Hz; C) 2a: DC-SIGN
ECD (250:1) irradiating frequency —300 Hz.

occurs, and indicates that the fucosylamide anchor is in close
contact with the protein. Epitope mapping was performed by
using relative STD values, as introduced by Mayer and Meyer®
(Figure 3). Only the fucose protons showed saturation transfer;
H1 and H2 appeared to be closer to the protein than H3, H4,
and H5, which is in agreement with the expected binding
mode of a-fucosides to DC-SIGN.!"”

The binding affinity was analyzed by performing STD experi-
ments®® at different ligand to protein ratios (from 12.5 to 500)
at constant concentration of protein (40 um in 200 pL d-Tris
25 mm, pD 8, CaCl, 4 mm, 150 mm NaCl), and by using a satu-
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2a

Figure 3. Relative values of STD amplification factors for 2a (1 mm),
600 MHz, DC-SIGN ECD (40 pm) in 200 pL d-Tris (25 mm 25 pD 8), CaCl,
(4 mm), NaCl (150 mm); 3 s saturation time.

ration time (T,) of 3's. The plotting of the STD amplification
factors against the concentration of added ligand for the
proton with the largest STD amplification factor (Fuc-H1) al-
lowed estimation of an ECs, value of 4 mm for the DC-SIGN
ECD-2a complex (Figure 4). The same experiments were per-

10 1 2a DC-SIGN
8 4
[
B
Y
— 69
o
IS ()
©
o
b 4
24
0 T T T T 1
0 5 10 15 20 25
[2a] / mm

Figure 4. Observed STD amplification factors (STD ampl. fact.) of the Fuc-H1
resonance plotted against the concentration of the added ligand 2a

(600 MHz, DC-SIGN ECD 40 pm in 200 pL d-Tris 25 mm pD 8, CaCl, 4 mm,
150 mm NaCl; Tsat 3 s); fitting was performed with Sigmaplot.

formed by using Lewis-x 1 (R=H, Carbosynth) as the substrate
turned out to be rather noisy, but allowed estimation of an
ECs, value of 7 mm (data not shown). Thus the NMR spectros-
copy studies suggested that the affinity of artificial ligand 2a is
in the same range as that of the natural effector; but SPR stud-
ies were performed in order to obtain a better characterization
of the inhibitory power of the artificial ligands.

SPR studies

Carbohydrate recognition domains (CRD) of C-type lectins
have a weak affinity towards sugars. For example, DC-SIGN
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CRD has a K, of 13 mm for mannose.”” In vivo, however, lectin
oligomerization allows multivalent interactions and results in
an avidity-based mechanism. In this study, we aim to compare
DC-SIGN recognition properties for different sugars and their
mimic derivatives, free in solution. Thus, even by using the
whole ECD domain of DC-SIGN (tetrameric) such avidity based
mechanism could not take place and for some of these com-
pounds the weak level of affinity would not be measurable
with SPR technology in direct interaction analysis mode. For
these reasons, we performed a competition assay, which
allows an affinity evaluation of all compounds relative to the
others on the basis of an IC, determination.

Mannosylated BSA was covalently attached to a CM4 dex-
tran-functionalized gold SPR chip. Mannosylated BSA contains
15 glycosylation sites that display the manal-3[mana1-6]man
trisaccharide. DC-SIGN ECD exhibited good affinity for the chip.
A series of measurements with increasing concentrations yield-
ed a binding isotherm (Figure 5A). From this curve, the maxi-
mum of DC-SIGN ECD binding onto the generated mannosylat-
ed-BSA surface was evaluated. Thus, a concentration of 15 um
of DC-SIGN ECD was chosen for the competition assays. Inhibi-
tion studies were then performed by using DC-SIGN ECD, at
the concentration defined above, injected alone or in the pres-
ence of an increasing amount of the ligands (Figures 5B-D).

To calibrate the competition-assay studies, we used man-
nose as a reference monosaccharide for C-type lectins and the
Lewis-x trisaccharide as the natural version of the artificial
ligand 2a produced in this work. In order to evaluate the im-
portance of the different units that compose our artificial
ligand, we also tested L-fucose, 17, and 2a, which correspond
to one, two, or all three units of the artificial ligand 2a, respec-
tively. The unnatural enantiomer p-fucose was used as nega-
tive control. The results are shown in Figure 5. In the presence
of the various ligands used the binding response decreased
with increasing amount of ligand; this indicates ECD binding
inhibition with the mannosylated-BSA surface (as exemplified
in Figures 4B and C for mannose and compound 2a, respec-
tively). The efficiency of inhibition as a function of the com-
pound concentration is directly related to the ligand affinity
towards DC-SIGN ECD. From Figure 4D, the IC, value for each
ligand could be determined. The reference compounds man-
nose, L-fucose, and Lewis-x were found to inhibit DC-SIGN
binding to the mannosylated-BSA surface with an ICs, value of
1.8 mmMm, 1.2 mm, and 0.8 mm, respectively. The values mea-
sured for mannose and L-fucose are consistent with literature
data,” whereas the affinity of Lewis-x has not been measured
before. Compounds 17 and 2a showed ICs, values of 0.5 and
0.35 mm, respectively. The activity of the ligands increased
only slightly with the number of units. Satisfactorily, the full
Lewis-x mimic 2a and notably the a-fucosylamide 17, which
comprises only two units, were found to be a better inhibitor
for DC-SIGN than the natural Lewis-x. Comparison between 2a
and 17 suggests that the cyclohexanediol unit in 2a does not
contribute significantly to the binding affinity. On the contrary,
the transformation of fucose in the a-fucosylamide 17 has a
positive effect on the DC-SIGN affinity with respect to fucose.
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Figure 5. Inhibition of the DC-SIGN ECD-mannosylated-BSA surface. A) Bind-
ing isotherm of DC-SIGN ECD onto the mannosylated-BSA surface. DC-SIGN
ECD (15 pm) was incubated for 1 h with B) mannose at 36 increasing con-
centrations from 0 to 5000 pum, and C) compound 2a at 17 increasing con-
centrations from 0 to 4000 pm, and coinjected onto the mannosylated-BSA
functionalized surface (1200 RU immobilized). Black arrow represents EDTA
injection for surface regeneration between each injection cycle. D) Compar-
ison of the inhibitory power of the ligands from B) and C) and of other com-
petition assays realized for Lewis-x, fucose, and 17 towards the DC-SIGN
ECD-mannosylated-BSA interaction; m: p-fucose, A: b-mannose, o: L-fucose,
A: Lewis-x, ¢: 17, and o: 2a.
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Conclusions

In this work we have demonstrated for the first time that a-fu-
cosylamides are effective functional mimics of a-fucosides, and
have established a simple protocol for their synthesis based on
the DeShong’s methodology.”® The biological relevance of a-
fucosides can hardly be overestimated, and yet these glyco-
sides are notorious for their chemical and enzymatic instability;
this makes their synthesis difficult and their use for antagonism
or modulation of lectin activity in biological settings limited.
The chemical stability of a-fucosylamides is likely to be accom-
panied by an improved stability to hydrolytic enzymes, which
is going to be the subject of further investigations. This, to-
gether with the NMR spectroscopy data, which show that a-fu-
cosylamides retain the characteristic 'C, chair of a-L-fucosides,
establish this class of compounds as the molecule of choice to
act as mimics of these unstable glycosides.

We have also described the first fucose-based unnatural li-
gands of DC-SIGN. Both 2a and 17 inhibit DC-SIGN binding to
mannosylated BSA with a potency that is similar to—and in
fact slightly better than—the natural ligand Lewis-x and only
one order of magnitude lower than the best small-molecule in-
hibitors identified so far by a HTS campaign of about 30000
compounds.”! The fact that the full Lewis mimic 2a (ICs,
0.35 mmMm) is not much better than 17 (IC5, 0.5 mm) suggests
that there is still room for improvement of the fragment we
have chosen to replace the galactose residue of Lewis-x. Fur-
ther modeling work is in progress to optimize this element,
based on the possible interactions with the DC-SIGN binding
site, as mapped by STD experiments. On the other hand, the
simple fucosylamide 17, which shows a twofold affinity in-
crease over fucose in our SPR assay and which is already
equipped with a convenient handle for further functionaliza-
tion, can be considered as an excellent candidate to prepare
multivalent systems able to block DC-SIGN with high affinity.
The advantage presented by this type of ligand in terms of
chemical and enzymatic stability makes them very attractive
for the development of new anti-infective drugs.

Experimental Section

Expression of ECD of DC-SIGN in E. coli and purification process:
Plasmid pET30b (Novagen) containing cDNA that encoded the ex-
tracellular domain (ECD; corresponding to amino acids 66-404) of
DC-SIGN was used for overproduction, as described previously.*?
Protein produced in inclusion bodies was refolded as described.”
Purification of functional DC-SIGN protein was achieved by affinity
chromatography on a mannan-agarose column (Sigma) equilibrat-
ed in buffer A (25 mwm Tris-HCl, pH 8.0, 150 mm NaCl, 4 mm CaCl,)
and was eluted in the same buffer without CaCl, but supplement-
ed with EDTA (10 mwm; buffer B). This step was followed by a super-
ose six size-exclusion chromatography equilibrated in buffer A.

SPR analysis: All experiments were performed by using a BIA-
core 3000 with functionalized CM4 chips and the corresponding re-
agents from BlAcore. Two flow cells were activated as previously
described.® Flow cell one was then blocked with 1m ethanola-
mine (50 ul) and served as a control surface. The second one was
treated with BSA-mana1-3[manal1-6]Jman (BSA-Mannotriose, Dex-
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tra; 60 pgmL™") in acetate buffer (10 mm, pH 4). Remaining activat-
ed groups were blocked with ethanolamine (1 m, 50 pL). The final
density immobilized on the surface of the second flow cell was
1200 RU. The BSA-mannotriose used to functionalize the CM4
chips harbors 15 glycosylation sites according to the manufacturer.
The affinity of the various sugars and mimics was then estimated
by a DC-SIGN ECD binding inhibition assay. The ECD of DC-SIGN
was injected onto the BSA-mannotriose surface at a constant
concentration, either alone or in the presence of an increasing con-
centration of the sugar derivatives. Injections were performed at
20 uLmin~' by using buffer A, supplemented with P20 surfactant
(0.005%) as running buffer.

STD NMR spectroscopy: Experiments were recorded with an
Avance Bruker instrument that operated at 600 MHz, 278 K. Sam-
ples without lectin used as negative control, were prepared by dis-
solving 2a and 17 in NaCl (150 mwm), d-Tris (25 mm, pH 8.1), CaCl,
(4 mm) in D,O after three cycles of deuterium exchange. The sam-
ples in presence of DC-SIGN ECD were prepared by using 40 um of
lectin, which was assumed to have a monomeric state in the same
D,O buffer, by using 0.5, 0.75, 1.0, 2.0, 5.0, and 10.0 mm of the
ligand. STD experiments were performed at 278 K by using water-
gate solvent suppression at 0.5, 0.75, 1.0, 1.25, 1.5, and 2.0 s satura-
tion times with a train of Gaussian shaped pulses of 49 ms and
100-60 Hz power spaced by 1.0 ms delays.®*® On-resonance irradia-
tion was performed at 0.9 ppm, appropriate blank experiments
were also performed to assure the absence of direct irradiation on
the ligand. On-resonance and reference spectra were recorded
interleaved and STD was quantified by manual fitting by superim-
position of both spectra by using manufacturer software.

Synthesis

General methods: NMR spectra were recorded at 300 K on Bruker
Avance 400 and Avance 600 spectrometers with TMS as the inter-
nal standard. Chemical shifts are reported in parts per million
(ppm). Spin multiplicities are indicated by standard notation. The
atoms of 2a, 16, and 17 were numbered as follows: n for the
atoms of the fucose ring, n’ for the atoms of the 3-aminoacid ring
(CAA), n” for the atoms of the cyclohexanediol ring (CHD). Optical
rotation [a], was measured in a 1 dm length cell by using sodium
D-line wavelength (589 nm) on a Perkin-Elmer 241 polarimeter. LC-
MS analyses were performed with reversed-phase HPLC (Agi-
lent 1100 HPLC with diode array, column Atlantis dc19x 100 mm,
5 um) with ESI mass ionization (iontrap MS detector Bruker Es-
quire 3000+). HRMS spectra were obtained with an ApexIl ICR
FTMS instrument (ESI ionization). Thin-layer chromatography (TLC)
was performed on 0.25 mm Merck F254 silica-coated glass plates,
and compounds were identified in one or more of the following
manners: UV (254 nm) and molybdic reagent/sulfuric acid/ninhy-
drin/potassium permanganate charring. Flash chromatography was
carried out with Macherey-Nagel silica gel 60 (230-400 mesh).
Semipreparative HPLC was performed with Auto Purification
System Waters, column Atlantis dC18 (®=1.9 mm, h=100 mm,
5w), detection at 220 nm. The solvents used were dried before use
by standard procedures under nitrogen atmosphere. All reactions
were performed under nitrogen atmosphere unless noted other-
wise. The synthesis of 8, ent-8, 7, and 4 has been reported.??

2,3,4-Tri-O-acetyl-a-1-fucopyranosylazide  (5):** TMSN, (2.138 mL,
16.25 mmol; 2equiv) and TMSIOTf (0.600 mL, 3.25 mmol;
0.4 equiv) were added to a solution of 12 (2.700 g, 8.13 mmol;
1 equiv) in CH,Cl,. The reaction mixture was stirred, overnight, at
room temperature. Et;N was added (0.5 mL) and the solvent
evaporated under vacuum. The residue was dissolved in EtOAc,
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and the organic phase was washed with HCI (1 m), water (to neu-
tral pH), and brine. The organic phase was dried over Na,SO,, fil-
tered, and the solvent was evaporated under vacuum to obtain
crude product. The crude product was recrystallized from isopropyl
ether to obtain 1.79 g of pure B-fucosylazide as a white crystalline
solid (70%); m.p.=125-128°C; [0]¥=+24.7 (c 1.98, EtOH).
'H NMR (400 MHz, CD,0D): 0 =1.28 (d, Js.s=6.4 Hz, 3H, H6), 2.21-
2.10-2.01 (3s, 3x3H, 3Me-CO), 3.9 (qd, Js,=0.8 Hz, Jsy.=6.4 Hz,
1H, H5), 460 (d, 1H, H1, J,,=8.6Hz), 505 (dd, 1H, H3, J;,=
104 Hz, J; ,=3.4Hz), 5.16 (dd, 1H, H2, J,;,=8.6 Hz, J,;=10.4 Hz),
529 (dd, 1H, H4, J,;=34Hz, J,s=08Hz). *CNMR (100 MHz,
CD,0D): 6=16.0 (C6), 20.67-20.60-20.54 (Me-CO), 68.2 (C2), 69.9
(C4), 71.1 (C3), 71.5 (C5), 88.2 (C1), 170.5-170.0-169.4 (C=0).

(1S,6R)-6-(Benzyloxycarbonylamino)cyclohex-3-enecarboxylic acid
(6)2% DPPA (1.74 mL, 8.06 mmol; 1equiv) and benzyl alcohol
(1.67 mL, 16.1 mmol; 2 equiv) were added to a stirred solution of 8
(1.500 g, 8.08 mmol; 1 equiv) in 30 mL of toluene Et;N (1.12 mL,
8.06 mmol; 1 equiv). The solution was heated under reflux for 4 h,
cooled to room temperature and diluted with EtOAc. The organic
phase was washed with HCl (5%), sat. solution of NaHCO,, and
brine. The organic phase was dried over Na,SO,, filtered, and the
solvent was evaporated under vacuum. The residue was purified
with flash chromatography (gradient elution: toluene/AcOEt
(90:10)-toluene/AcOEt (93:7)) to yield 0.466 g (1.77 mmol) of the
Curtius rearrangement product as a white foam (64 %). [a]2: +2.18
(c 1, CHCl). "M NMR (400 MHz, CDCl,): 6 =2.39-2.24 (m,2H, H3),
2.53-2.39 (m, 2H, H6), 2.85 (brs, 1H, H1), 3.72 (s, 3H, Me-O-), 4.28
(d, 1H, H2, J,,n=6Hz), 5.81 (s, 2H, -CH2-Ph), 5.42 (d, 1H, HN,
Jin2=6 Hz), 5.65-5.62 (m, 1H, H4), 5.71-5.67 (m, 1H, H5), 7.38-7.37
(m, 5H, HPh). ®*CNMR (100 MHz, CDCl;): 6 =25.5 (C6), 30.6 (C3),
42.0 (C1), 46.8 (C2), 51.8 (C11), 66.6 (C9), 124.7 (C4), 1249 (C5),
128.5-127.1-128.1 (CPh), 136.5 (C10), 155.8 (C8), 173.7 (C7); HPLC-
MS: caled for [C,¢H,oNO,Nal*: 312.2; found: 311.7.

LiOH monohydrate (0.245 g, 5.80 mmol; 2.5 equiv) was added to a
stirred solution of the Curtius rearrangement product (0.696 g,
2.33 mmol; 1 equiv) in MeOH/H,O (4:1; 15 mL) at 0°C. The solution
was warmed to room temperature and stirred until no starting
product was detected by TLC (hexane/AcOEt (8:2)+1% AcOH).
The reaction mixture was concentrated under vacuum to approxi-
mately one third of the initial volume, the pH was adjusted to 9
with NaHCO,, and the solution was washed with Et,0. The water
phase was acidified with HCl (6 M) to pH 2, and extracted with
EtOAc. The organic phase was dried over Na,SO,, filtered, and the
solvent was evaporated under vacuum to obtain 0.616g
(2.24 mmol) of pure acid 6 as a white crystalline solid (96 %). [0]2:
+12.4 (c 2.04, CHCl;). '"HNMR (400 MHz, CDCl,): 6 =2.39-2.22 (m,
2H, H3), 2.58-2.43 (m, 2H, H6), 2.91 (brs, 1H, H1), 430 (brs, TH,
H2), 5.15 (dd, 2H, -CH2-Ph, Joy =18 Hz), 545 (d, 1H, HN, Jy,=
9.6 Hz), 5.64 (d, 1H, H4, J,s=10Hz), 570 (d, 1H, H5, J;,=10 Hz),
7.38-7.36 (m, 5H, HPh). *CNMR (100 MHz, CDCl,): 6=25.9 (C6),
30.3 (C3), 42.0 (C1), 46.7 (C2), 66.8 (C9), 124.8 (C4), 1249 (C5),
128.5-128.2-128.1 (CPh), 136.3 (C10), 156.0 (C8), 178.7 (C7); HRMS
(ESI): calcd for [C;sH,;,NO,Na] *: 298.1057; found: 298.1049.

(1S,6R)-S-Pyridin-2-yl  6-(benzyloxycarbonylamino)cyclohex-3-enecar-
bothioate (10): PPh; (0.390 g, 1.50 mmol; 1.2 equiv) and 2,2'-dithio-
dipyridine (0.330 g, 1.50 mmol; 1.2 equiv) were added to a solution
of 6 (0.342 g, 1.24 mmol; 1 equiv) in CH;CN (12 mL). The solution
was heated under reflux for 2 h, cooled to room temperature, and
the solvent was evaporated under vacuum. The residue was puri-
fied by flash chromatography (hexane/EtOAc, 7:3) to yield 0.331 g
(0.898 mmol) of pure product as a yellowish oil (72%). "H NMR
(400 MHz, CDCly): 6 =2.45-2.25 (m, 2H, H3), 2.68-2.49 (m, 2H, H6),
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3.25-3.21 (m, 1H, H1), 442-439 (m, TH, H2), 5.11 (s, 2H, -CH2-Ph),
529 (d, TH, HN, Juy,=8.4 Hz), 5.70-5.67 (m, 1H, H4), 5.76-5.72 (m,
1H, H5), 7.37-7.28 (m, 6H, HPh+H12), 7.65 (d, 1H, H14, Ji.;=
7.6 Hz), 7.73 (td, 1H, H13 Jiy1,=J1304=7.6 Hz, J;3,,=2 Hz), 8.64
(ddd, Jyy1,=4.8 Hz, J;115=1.6 Hz, J;11,=0.8 Hz, 1H, H11).

N-((1S,6R)-6-(Benzyloxycarbonylamino)cyclohex-3-enecarboxyl)-2,3,4-
tri-O-acetyl-a-L-fucopyranosylamine (14): Grounded activated mo-
lecular sieves (4 A) were added to a solution of fucosyl azide 5
(0.113 g, 0.358 mmol; 1 equiv) in dry EtNO, (5 mL). PPh; (0.103 g,
0.394 mmol; 1.1 equiv) was dissolved in EtNO, (5mL) and was
added; the mixture was refluxed for 18 h. The reaction was moni-
tored by TLC (CHCI;/AcOEt, 1:1) and the disappearance of the start-
ing material and appearance of the oxazoline 13 was observed.
The reaction mixture was used directly in the next step without
isolation. In a separate vessel, the pyridyl thioester 10 (0.171 g,
0.465 mmol; 1.3 equiv) and CuClH,0 (0.079g, 0.465 mmol;
1.3 equiv) were dissolved in EtNO, (1 mL) and added to the solu-
tion of 13. The reaction mixture was heated to 40°C and moni-
tored by TLC (CHCI,/AcOEt, 1:1). After 20 h the mixture was filtered
through a celite pad, and celite washed abundantly with EtOAc.
The filtrate was washed with an aqueous solution of NH,/NH,CI
(pH 9), then with water to neutral pH. The organic phase was dried
over Na,SO,, and the solvent was evaporated under vacuum. The
residue was purified by flash chromatography (hexane/EtOAc,
45:55) to obtain 0.126 g (0.231 mmol) of pure product as a white
crystalline solid (64%). [a]: —43.91 (c 0.94, CHCL)). 'HNMR
(400 MHz, CDCL,): 6=1.06 (d, 3H, MeFuc, Jyerues=6.4 Hz), 1.93 (s,
3H, MeAc), 1.99 (s, 3H, MeAc), 2.08 (s, 3H, MeAc), 2.16 (m, TH,
H3'ax), 2.33 (d, 1H, H6'ax), 2.51 (d, TH, H3'eq), 2.61 (d, 1H, H6'eq),
2.77 (m, TH, H1"), 3.85 (brd, 1H, H5, Js =64 Hz), 432 (brs, 1H,
H2), 5.13 (s, 2H, CH2Ph), 5.22 (d, 1H, H4), 5.33 (brd,1H, H3 J,5=
11.2 Hz), 5.39 (dd, 1H, H2, J,,=5.2Hz, J,;=11.2 Hz), 544 (d, 1H,
CONH, Jy»=8.8Hz), 5.69 (brd, 1H, H4, J,s=10Hz), 5.79 (brd,
TH, H5, Jyy=10Hz), 573 (dd, 1H, H1, Jywe=76Hz, J,=
5.2 Hz), 7.31 (m, 1H, CONHFuc), 7.37-7.31 (m, 5H, HPh). *C NMR
(100 MHz, CDCl): 0=16.1 (CHspy), 21.1-20.6-20.5 (CHsp0), 25.4
(C6'), 31.4 (C3'), 43.4 (CT1"), 46.1 (C2), 65.5 (C5), 65.7 (C5), 66.0 (C2),
66.4 (CH,Ph), 67.9 (C3), 70.4 (C4), 74.5 (C1), 124.8 (C5'), 125.4 (C4)),
128.6-128.1 (CPh), 136.1 (CPh), 167.0, 169.0, 170.0, 170.6, 173.0 (5%
CO); HPLC-MS: caled for [C,,H3,N,0,0Nal™: 569.2; found: 569.2;
HRMS (ESI): calcd for [Cy;H;N,0;0Nal™: 569.21057; found:
569.21087.

N-(1S,2R)-2-(Aminocyclohexanecarboxyl)-2,3,4-tri-O-acetyl-a-L-fuco-

pyranosylamine (3): 10% wt. Pd/C (10%, Degussa type) was added
to a solution of 14 (0.750 mg, 1.373 mmol; 1 equiv) in dry EtOH
(1 mL). The reaction mixture was hydrogenated (1 bar) at room
temperature until no trace of starting compound was detected by
TLC (CHCI3/MeOH, 92:2). The catalyst was filtered over a celite bed
and the residual solvent evaporated under vacuum. The crude
product was purified with flash chromatography (CHCl;/MeOH,
9:142% Et;N) to yield 0.398 g (0.960 mmol) of white solid (70%).
'H NMR (400 MHz, CDCly): 6=1.05 (d, 3H, MeFuc, Jyerucs=6.4 Hz),
1.34 (m, 1H, H4'ax), 1.50 (m, 1H, H4'eq), 1.40 (m, 1H, H3'ax), 1.56
(m, 1H, H3'eq), 1.57 (m, 1H, H6'ax), 1.84 (m, 1H, H6'eq), 1.93 (m,
1H, H5'ax), 2.04 (s, 6H, MeAc), 2.10 (m, 1H, H5eq), 2.19 (s, 3H,
MeAc), 2.43 (brs, TH, H1’), 2.70 (brs, 2H, NH2), 3.24 (brs, 1H, H2'),
3.91 (q, 1H, H5, Js yeruc = 6.4 Hz), 5.12 (d, TH, H3, J;,=10.7 Hz, J5,=
3.2 Hz), 520 (d, 1H, H4, J,;=32Hz), 5.40 (d, 1H, H2, J,,=4.8 Hz,
J,5=10.7 Hz), 5.83 (d, 1H, H1, J,,=4.8 Hz, J;y urec =84 Hz), 10.22
(brs, TH, CONHFuc); *C NMR (100 MHz, CDCly): §=16.1 (MeFuc),
20.05 (C5'), 21.01-20.64-20.57 (CH3,), 21.3 (C3'), 23.6 (C4), 25.8
(C6'), 32.2 (C2'), 32.7 (C1), 65.7 (C5), 68.3 (C4), 66.2 (C2), 70.8
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(C3), 74.0 (C1), 167-170 (CO,), 173.0 (CONH,); HPLC-MS (ESI):
caled for CigH30N,Oq: 414.45; found: 415.1 [M+H]*; HRMS (ESI):
caled for [CioH3;;N,Ogl: 415.20749; found: 415.20800; calcd for
[CyoH3oN,OgNa] : 437.18944; found: 437.18994.

(1S,25,4S,5R)-4,5-Diacetoxy-2-(methoxycarbonyl) cyclohexanecarboxyl-
ic acid (15): Et;N (0.191 mL, 1.374 mmol; 2.0 equiv) was added to
an ice-cooled solution of 4 (0.150 g, 0.687 mmol; 1 equiv) in CH,Cl,
(7.5 mL). TBDMSCI (0.156 g, 1.031 mmol; 1.5 equiv) in CH,Cl, (1 mL)
was added and the reaction mixture stirred. After 20 h, quantitative
transformation to TBDMS ester was observed by TLC (CHCl,/MeOH,
9:1). In a separate vessel, DMAP (0.017 g, 0.137 mmol; 0.2 equiv)
and pyridine (0.168 mL, 2.06 mmol; 3 equiv) were dissolved in
CH,Cl,, cooled to 0°C, and Ac,0 (0.196 mL 2.06 mmol; 3 equiv) was
added over a period of 30 min. This solution was added to the ice-
cooled solution of the TBDMS ester. The reaction mixture was
stirred for another 18 h and monitored by TLC (CHCI;/MeOH, 9:1).
The solvent was evaporated under vacuum, the residue dissolved
in EtOAc, and water phase was washed with HCI (0.5 m) and brine.
The organic phase was dried over Na,SO,, filtered, and the solvent
was evaporated under vacuum. The residue was purified by flash
chromatography (petroleter/AcOEt, 1:1 +1% AcOH) to obtain a
colorless oil, which gave 0.156g of white crystalline solid
(0.515 mmol) after drying under vacuum (75%). '"H NMR (400 MHz,
CDCly): 0=1.76 (dt, TH, H3aX, J3pezeq= 144 Hz, J3py =12 HZ, J3p =
2.4 Hz), 2.02 (s, 3H, MeAc), 2.08 (m, 1H, H6ax), 2.13 (s, 6H, MeAc),
2.20 (dt, 1H, H6€0, Jseqam=12-8 HZ, Joeq1 =Joeqs =44 Hz), 2.30 (dt,
TH, H3eq, Jieqsm= 144 HZ, J3eqs=Jseqa=44 Hz), 2.92 (td, TH, H1,
J12=11.04 Hz, J; 6, = 11.04 Hz, J; g =44 Hz), 3.16 (td, TH, H2, J,, =
11.04 Hz, J30,=11.04 Hz, J,3.,=3.9 Hz), 3.71 (5, 3H, MeOOC), 4.89
(dt, TH, H5, Jsgeq=44Hz, Jssy=11.4Hz, Js,=2.8Hz), 532 (brd,
1H, H4); HPLC-MS: calcd for [Ci5H,s0gNal*: 325.0; found: 325.0;
HRMS (ESI): caled for [C,3H,s0sNa]l*: 325.08939; found: 325.08966;
caled for [C;5H,,0¢Na,] *: 347.07133; found: 347.07154.

N-((1S,2R)-2-(1S,25,4R,55)-4,5-Diacetoxy-1-(methoxycarbonyl)  cyclo-
hexane-2-(carboxamido)cyclohexancarboxyl)-2,3,4-tri-O-acetyl-a-L-fu-
copyranosylamine (16): Et;N (12 uL, 0.085 mmol; 3 equiv) and 15
(11 mg, 0.035 mmol; 1.25 equiv) in 0.25 mL of CH,Cl, were added
to a solution of 3 (2 mg, 0.028 mmol; 1 equiv) in CH,Cl, (0.30 mL).
Subsequently, HBTU (16 mg, 0.042 mmol; 1.5 equiv) was added
and the reaction mixture stirred at room temperature. After 18 h,
CH,Cl, (10 mL) was added to the reaction mixture and the organic
phase was washed with NaOH (0.5m), KHSO, (1 ™), water, and
brine. The organic phase was dried over Na,SO,, filtered, and the
solvent was evaporated under vacuum. The residue was purified
by flash chromatography (hexane/AcOEt, 8:2) to yield 0.010 g
(0.0145 mmol) of white solid (78%). 'H NMR (400 MHz, CHCl,): 6=
1.15 (d, Jyes=6.8 Hz, 3H, MeFuc), 1.42-1.92 (inseparable m, 8H,
C3'H2, C4'H2, C5'H2, C6'H2), 1.72 (m, 1H, H6"ax), 1.85 (m, 1H, H3"),
1.85 (m, 1H, H3"ax), 1.98 (s, 3H, MeAc), 2.01(s, 6H, MeAc), 2.06 (m,
1H, H3"eq), 2.07 (m, 1H, H4'eq), 2.12 (s, 3H, MeAc), 2.17 (s, 3H,
MeAc), 224 (dt, Jyeqr=Joeqs' =40 HZ, Jyeqaa =144, TH, H6"eq),
2.58 (dt, TH, H2", Jy.30q=3.6 HZ, Jy.30y=Jy.1o=13 Hz), 2.64 (m, TH,
HY), 3.01 (dt, 1H, H1", Jygreq=4.0 HZ, Jyg00y=J1r.»=13 H2), 3.67 (s,
3H, MeOOC), 4.00 (dd, 1H, H5, Jsy.=6.4 Hz), 4.25 (brs, TH, H2'),
480 (dt, 1H, H4", Jyyn=124Hz, Jyyeq=7.1Hz, Jy5=44H2),
523 (d, 1H, H3, /,=3.2Hz), 526 (s, 1H, H5"), 5.36 (d, 1H, H4,
J,5=3.2Hz), 538 (d, 1H, H2, J,;=10.4 Hz, J,,=5.4Hz), 586 (t, 1H,
H1, Jinire=7.6 Hz, J,,=54Hz), 648 (d, 1H, CONH', Jeono=
8.8 Hz), 6.72 (d, 1H, CONHFUC, Jyrues = 7.6 Hz). *C NMR (100 MHz,
CHCLy): 6=16.1 (MeFuc), 20.6, 20.7, 20.7, 20.9, 21.0, (CH;Ac), 22.6
(C5), 22,9 (C6"), 26.5 (C3'), 28.0 (C4'), 28.2 (C3"), 31.7 (C6"), 39.3
(C1"), 44.7 (C2"), 45.3 (C1’), 47.1 (C2'), 52.0 (MeOOC), 65.7 (C5), 66.2
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(C2), 67.3 (C4), 67.9 (C3), 70.50 (C4"), 70.55 (C5"), 74.4 (C1), 169.3,
170.1, 170.1, 170.2, 170.6, 172.3, 173.9, 174.5 (8 XxCO); HPLC-MS:
calcd for [C3,H,,N,0,5]17: 699.7; found: 699.6; HRMS (ESI): calcd for
[C5,H4N,O,sNal *: 721.27904; found: 721.27927.

N-((1S,2R)-2-(1S,2S,4R,55)-4,5-Dihydroxy-1-(methoxycarbonyl)  cyclo-
hexane-2-(carboxamido)cyclohexancarboxyl)-a-L-fucopyranosylamine
(2a): NaOMe (31 pL, 1m) was added to a solution of 16 (10 mg,
0.0143 mmol; 1 equiv) in dry MeOH (1.5 mL). The reaction mixture
was stirred at room temperature for 2.5 h and the progress was fol-
lowed by TLC (hexane/EtOAc, 2:8). Amberlite IRA 120" was added
until pH~7 and the beads were filtered off. The solvent was evapo-
rated under vacuum to yield 6.6 mg (0.0135 mmol) of crude prod-
uct as a white solid (94 %). The product was purified with reversed-
phase HPLC to yield 4.1 mg (8.4x 10> mmol) of white solid (59%).
Chromatographic conditions; column Atlantis dC18 (1.9x 100 mm,
5 um), 1 min of initial isocratic elution with a mixture of 0.1%
formic acid and CH;CN with 0.1% of formic acid (5:95, v/v) follow-
ing elution with the gradient mobile phase: 5-50% mixture of
0.1% formic acid and CH;CN with 0.1% of formic acid (5:95-50:50,
v/v) in 7min at a flow rate of 20.0 mLmin™' at 25°C. 'H NMR
(600 MHz, CD;0D): 6=1.20 (d, 1H, HMeFuc, Jyerue.s=6.3 Hz), 1.37
(m, TH, H4'ax), 1.49 (m, 1H, H5'ax), 1.55 (m, 1H, H3'ax), 1.60 (m,
1H, H6"ax), 1.62 (m, 1H, H5'eq), 1.66 (m, TH, H6'ax), 1.74 (m, TH,
H4'eq), 1.80 (m, TH, H3"ax), 1.84 (m, 1H, H3"eq), 1.89 (m, TH,
H6'eq), 1.92 (m, 1H, H3'eq), 2.14 (m, 1H, H6"eq), 2.66 (dt, 1TH, H2"
Sy =y 3x=12 Hz, Jyr.36q=3.6 Hz), 2.72 (m, TH, H1'), 3.04 (dt, TH,
H1" Jyvyr=J 1= 12 HZ, Jy1.greq=3.6 H2), 3.60 (m, TH, H4"), 3.64 (s,
3H, MeOOC), 3.65 (m, 1H, H4), 3.77 (d, TH, H5, Jsy.=6.3 Hz), 3.80
(dd, 1H, H3 J;,=3.6Hz, J;,=10.8Hz), 3.94 (d,1H, H5", Jy =
6 Hz), 3.96 (dd, 1H, H2, J,, =6 Hz, J,5=10.8 Hz), 427 (brs, 1H, H2),
5.48 (d, 1H, H1, J,.,=6 Hz). '"H NMR (600 MHz, d-Tris buffer, pD 8,
150 mm NaCl, 4mm CaCly): 6=1.08 (d, TH, HMeFuc, Jyerues=
7.1Hz), 1.25 (m, 1H, H3"ax), 1.36 (m, 1H, H4'ax), 1.37 (m, 1H,
H5'ax), 1.46 (m, 1H, H5eq), 1.52 (m, 1H, H3'ax), 1.56 (m, TH,
H3"eq), 1.62 (m, 1H, H6"ax), 1.64 (m, 1H, H4'eq), 1.64 (m, 1H,
H3'eq), 1.65 (m, TH, H6'ax), 1.65 (m, 1H, H6'eq), 2.07 (td, TH,
H6"€q, Jgreq =144 Hz, Jgreqsr=3.8 Hz), 2.65 (td, 1H, H2", Jy 1= J.
gax=11.6 Hz, Jy geq =45 H2), 2.72 (dt, TH, H1', Jy geq=Jr.y =35 Hz,
Jygae=11.6Hz), 2.84 (ddd, 1H, H1", J;.,,=11.7 Hz, Jy. 4, = 11.4 Hz,
Jivgeq=3.8 Hz), 3.59 (s, 3H, MeOOC), 3.64 (m, 1H, H4"), 3.67 (dd,
1H, H4, J,5=3.0Hz, J,s=5.3 Hz), 3.68 (m, 1H, Hy), 3.80 (dd, 1H,
H3, J;,=112 Hz, J;,=3.0 Hz), 3.92 (dd,1H, H2, J,5=10.7 Hz, J,,=
5.6 Hz), 3.98 (m, 1H, H5"), 426 (d, 1H, H2', J,;, =3.4 Hz), 5.40 (d,
1H, H1, J,,=6.0 Hz), 7.76 (brs, 1H, CONH’), 8.19 (brs, 1H, CONH-
Fuc); *C NMR (150 MHz, CD,0D): 6 =16.1 (MeFuc), 19.9 (C5'), 22.7
(C6"), 23.0 (C4), 30.0 (€C3"), 30.5 (C5"), 32.7 (C6"), 38.6 (C1"), 443
(C2), 45.9 (C1'), 47.3 (C2), 52 (MeOOC(), 65.8 (C2), 67.0 (C4, C5), 69.3
(C3), 67.7 (C5"), 70.2 (C4"), 76.8 (C1); HPLC-MS (ESI): calcd for
[C,HyN,O0Nal *: 488.2; found: 488.9; HRMS (ESI): calcd for
[C,,Hs56N,0;0Nal *: 511.22622; found: 511.22616.

N-((1S,2R)-2-Acetamidocyclohexanecarboxyl)-a-L-fucopyranosylamine
(17): Compound 3 (0.030 g, 0.072 mmol; 1 equiv) was dissolved in
dry CH.Cl, (2mL); pyridine (7.1 pL, 0.087 mmol; 1.2 equiv) and
Ac,0 (8.2 L, 0.087 mmol; 1.2 equiv) were added, and the solution
was stirred for 3 h. The reaction mixture was diluted with CH,Cl,
(20 mL), washed with water (5 mL), and brine (5 mL), and the or-
ganic phase was dried over Na,SO,. The drying agent was filtered
and the solvent was evaporated under vacuum. The residue was
purified by flash chromatography (AcOEt). The resulting white solid
was dissolved in dry MeOH (2.0 mL) and freshly prepared 1m
MeONa (129 pL) in dry MeOH was added to the solution. The reac-
tion mixture was stirred at room temperature for 6 h (TLC hexane/
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EtOAc, 2:8). Amberlite IRA 120" was added until pH~7, and the
beads were filtered off. The solvent was evaporated to yield
19.8 mg (0.0497 mmol) of crude product as a white solid (yield of
two consecutive steps=69%). '"H NMR (400 MHz, CD,0D): 6 =1.20
(d, TH, HMeFuc, Jyeryes=6.4 Hz), 1.35 (m, 1H, H5ax), 1.51 (m, 1H,
H4ax), 1.56 (m, 2H, H4eq, H6ax), 1.65 (m, 1H, H6ax), 1.75 (m, TH,
H5eq), 1.86 (m, 1H, H6eq), 1.89 (m, 1H, H3eq), 1.95 (s, 3H, MeAc),
274 (m, 1H, H1), 332 (s, 3H, MeOOCQ), 3.63 (d1H, H4, J,s=
12.4 Hz), 3.73 (dd, TH, H5, Jsperoe =124 Hz, J,,=6.0 Hz), 3.78 (dd,
1H, H3, J5,=10.2 Hz, J,,=3.2 Hz), 3.95 (dd, 1H, H2, J,,=5.6 Hz,
J,5=102Hz), 434 (brs, 1H, H2), 548 (d, 1H, H1, J,,=5.6 Hz).
BCNMR (100 MHz, CD;OD): 6=15.6 (MeFuc), 21.0 (C4), 213
(MeAc), 23.4 (C5'), 23.5 (C6), 30.0 (C3'), 44.9 (C1"), 47.5 (C2)), 47.6
(MeOOC), 66.5 (C2), 66.8 (C5), 70.0 (C3), 71.9 (C4), 76.9 (C1), 171.2
(MeCONH), 176.0 (CONHFuc); HRMS (ESI): calcd for [C;sH,6N,O¢Nal*:
353.16831; found: 353.16795.
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Blue-Light Induced Interaction of LOV Domains from

Chlamydomonas reinhardtii

Roger J. Kutta,” Edith S. A. Hofinger,”™ Hendrik Preuss,” Giinther Bernhardt,*® and

Bernhard Dick*®

The phototropin from Chlamydomonas reinhardtii is a 720 kDa
blue light receptor that plays a key role in gametogenesis of this
green alga. It comprises two light-sensing domains termed LOV1
and LOV2 (light oxygen and voltage) and a serine/threonine
kinase domain. The post-translationally incorporated chromo-
phore is flavin mononucleotide (FMN). Upon absorption of blue
light, LOV domains undergo a photocycle that activates a Ser/
Thr kinase. The mechanism of this activation is still unknown. We
studied the oligomerization of the recombinant LOV1 domain
(amino acids 16-133) of C. reinhardtii by means of UV/Vis spec-
troscopy, size-exclusion chromatography (SEC), and chemical
cross-linking with glutardialdehyde. The thermal back-reaction of
LOV1 from the signaling state to the dark state as monitored by
UV/Vis spectroscopy after an intensive blue light pulse could not
be explained by a monoexponential model, although the spectra
did not indicate the presence of an additional species. Therefore,

Introduction

Phototropins are flavoprotein photoreceptors that mediate a
variety of physiological processes in plants." Whereas in
most species two phototropins, phot1 and phot2 regulate the
response to light, the green alga Chlamydomonas reinhardtii
contains only one photoreceptor, designated phot. Phototro-
pins are serine/threonine protein kinases that undergo auto-
phosphorylation of the C-terminal kinase domain upon irradia-
tion with blue light (Figure 1).® The N-terminal region con-
tains two similar motifs that belong to the large and diverse
superfamily of PER/ARNT/SIM (PAS) proteins.”! Because these
PAS domains are regulated by external signals, such as light,
oxygen, or voltage they are termed LOV1 and LOV2
(Figure 1).! Both LOV domains of the phototropins serve as
binding pockets for the chromophore FMN, and are directly
involved in light sensing.®® The LOV2 domain is C-terminally

HN Ser/Thr-
9 LOVI LOVZ2  Ja kinase
<>-a o /N [ \coo

Figure 1. Schematic drawing of the phototropin from C. reinhardtii (749
amino acids). The light-sensing LOV domains, each of which binds FMN are
indicated. The serine/threonine kinase domain is shown in gray. A conserved
a helix at the C-terminal position of LOV2 (Ja) is also shown. Displacement
of this helix in response to LOV2 photoexcitation has been proposed to re-
sult in the activation of the C-terminal kinase domain."”
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we investigated the quaternary structure of the LOV1 domain by
size-exclusion chromatography in the dark. This revealed an equi-
librium between dimers and higher oligomers (M, > 200 kDa)
under native conditions. No monomers were detected by SEC.
However, by analysis of the equilibrium by cross-linking of the
protein with glutardialdehyde and subsequent SDS-PAGE, mono-
mers and dimers were identified. Exposure of LOV1 to blue light
resulted in a decrease in the monomer/dimer ratio, followed by
re-equilibration in the dark. Calculation of the solvent-accessible
surface area and the Conolly surfaces of the LOV1 dimers present
in the crystal structure support the experimental observation that
no mononomers are detected in the native state. A model is pre-
sented that accounts for a blue-light-driven change in the quater-
nary structure of the LOV1 domain and gives hints to the molec-
ular basis of light activation and regulation in LOV-containing
proteins.

linked by a highly conserved a helix (Ja) to the kinase domain
(Figure 1).

The activation of phototropins is assumed to occur in a
series of events beginning with the absorption of blue light by
the LOV domains. In the dark or ground state, the phototropin
receptor remains unphosphorylated and inactive. After absorp-
tion of light, the LOV domains go through a photocycle that
is characterized by a series of transient photointermedi-
ates.""'2" |n the photocycle two electronic excited states and
one metastable thermal intermediate have been kinetically re-
solved." "™ The metastable thermal intermediate, LOV-390 con-
tains FMN covalently bound to the thiol group of the reactive
cysteine (Cys57 in LOV1 from C. reinhardtii) via the C(4a) posi-
tion of the isoalloxazine ring.”'*'® Subsequently, the phototro-
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pin is activated by autophosphorylation of the kinase domain,
and mediates the transfer of the signal downstream.?>3¢

For many LOV domains it has been shown that they under-
go structural changes in the proximity of the chromophore
during their photocycle. In prokaryotes the LOV light-sensing
domain is coupled to diverse effector domains.”>? Although
the exact role of the LOV domains in the activation cycle of
the kinase is not fully understood, it is assumed that after light
sensing, the highly conserved a-helical region (Ja) is released
from the surface of LOV2."? This displacement is hypothesized
to lead to an activation of the C-terminal kinase domain, which
in turn results in autophosphorylation of the photoreceptor
protein.'?” This suggestion was put into question, when it
was observed that the Ja linker is needed neither for the
LOV2-kinase interaction, nor for the light-driven phosphoryla-
tion of a substrate.”” LOV1 acts as an attenuator of the photo-
activation, possibly because of a stereochemical blocking of
the interactions between LOV2 domain and kinase domain in-
dependently of the photoreaction of LOV1.2"

So far it is not known how the light-induced reactions that
are centered on a LOV domain are transmitted to the effector
domains, whether this occurs by the same molecular mecha-
nism in all cases, and whether the LOV domains always interact
with other domains in the same orientation. The latter ques-
tion arises because in phot1-LOV2 of Avena sativa the central
[B-scaffold has been demonstrated to participate in interdo-
main communication while making contact with the Ja link-
er2% However, in bacterial LOV proteins only one LOV
domain is present, whereas phot contains two such motifs or-
ganized in tandem.’”? Hence, a LOV-LOV interaction might
not be necessary for the function, or at least in bacteria, it
occurs between LOV domains of different protein molecules.

It was observed that the LOV2 domain has a higher photo-
cycle quantum yield than LOV1.'” Therefore, LOV2 acts as the
basic light-sensing domain and triggers the phot1 and phot2
kinase activity. LOV1 is supposed to play a regulatory role.?* A
comparison of the amino acid sequences of bacterial LOV do-
mains with LOV1 and LOV2 of phot proteins revealed that in
general, bacterial LOV domains have intermediate characteris-
tics between LOV1 and LOV2.*¥

The tendency of LOV domains to form dimers has been no-
ticed previously.”>>" Salomon et al. showed by using size-ex-
clusion chromatography that phot1-LOV1 dimerizes, but LOV2
stays monomeric.” In this work the authors suggested that
LOV1 is responsible for phot dimerization, which would pro-
vide a possible functional role for the tandem organization of
LOV domains in phot proteins.” An increase in volume by a
factor of about 1.8 during light activation of an extended
phot1-LOV2 construct, which was observed by a laser-induced
thermal grating technique has been interpreted as a transient
dimerization in the time range of 300 us.”® Using small-angle
X-ray scattering (SAXS) Nakasako et al. reported on the detec-
tion of dimeric states for the LOV domain of FKF1 and phot
LOV1 domains.””-* The SAXS experiments showed that phot1-
LOV2 is dimeric, whereas phot2-LOV2 is monomeric."% The
latter results are at variance with those reported by Salomon
etal. and Nakasone et al.** Another example for LOV-LOV
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dimerization is the LOV domain of WC-1 from Neurospora,
which showed homodimerization in vitro.”” Recently, dimeriza-
tion and interdomain interactions were observed in the isolat-
ed YtvA-LOV domain by size-exclusion chromatography.?” Cir-
cular dichroism (CD) spectroscopy measurements showed a
central distortion in the f scaffold of the LOV domain. These
data led to the proposal of a common surface for LOV-LOV
and intraprotein interaction that involves the central f3 scaf-
fold.B”

Apparently, LOV-LOV interactions that lead to dimers are a
common feature of many LOV domains, but their role in the
signaling cascade still needs to be uncovered. In particular, it
should be investigated whether this interaction is modulated
by the photochemistry of the LOV domains. To gain insight
into the role of the LOV1 domain in the light-induced activa-
tion of phototropins, we investigated isolated LOV1 domains
from C. reinhardtii with respect to oligomerization, and investi-
gated whether the LOV-LOV interaction is correlated to the
light sensitivity of these domains.

Results and Discussion
Recovery of the dark-state after “fast bleaching”

Immediately after strong bleaching with a high-power LED at
460 nm, the absorption spectrum of the sample in the range
A>300 nm consists of a single broad band with maximum at
390 nm. This has been previously assigned to the adduct of
Cys57 to FMN.®'5'® Figure 2 A displays examples from a se-
quence of 150 spectra that were measured at intervals of 20 s
during the recovery of the system in the dark. The final spec-
trum, which corresponds to a delay time of 3000 s is identical
to the spectrum taken before irradiation. This data set has
been decomposed into the superposition of two spectra S{4)
and two concentration profiles ¢(t) according to Equation (1):

A(t) = 5 (A)ar(t) + S, (A)cy(t) (M

(for details see the Supporting Information). The resulting
spectra are shown in the Figure 2B, and the concentration pro-
files are shown in Figure 3 A. The sum of these, which is shown
as curve (¢, +¢,) in Figure 3A, deviates from a constant value
by less than + 1% over the whole temporal range. Hence, only
the concentration profile ¢;(t) assigned to the adduct species is
analyzed in the following.

The residuals of a single exponential decay fit to ¢,(t) results
in the line (s) of Figure 3B. The deviations are much larger
than the noise, hence the decay can definitely not be de-
scribed properly by a single exponential. A double exponential
function leads to a significantly better fit (Figure 3B, d). Inci-
dentally, the fit finds almost identical amplitudes for the two
decay components. A model that accounts for such behavior
would be a 1:1 mixture of two structural isomers of the LOV1
protein, one with a short recovery time and the other with a
long recovery time. An alternative explanation is the existence
of dimers in which the two monomers occupy nonequivalent
sites. This would in particular account for the equal ampli-

ChemBioChem 2008, 9, 19311938
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Figure 2. A) Sequence of spectra measured at increasing delay times follow-
ing irradiation of LOV1 for 1 s with a strong blue-light emitting LED. Spectra
were measured at intervals of 20 s for a total duration of 3000 s. The integra-
tion time obtained by measuring a single spectrum was 25 ms; this short
period of irradiation with white light was found not to affect adduct forma-
tion during the registration of a single spectrum. In addition, we made sure
that an interval of 20 s between the recordings of subsequent spectra had
no effect. Only the spectra at delays 0, 20, 40, 60, 80, 100, 300, 500, 700,
900, and 3000 s are shown. B) Spectra of the photoadduct (a) and the dark
form (b) of LOV1. C) Standard deviation between the data and a reconstruc-
tion with an increasing number L of principal components.

tudes. A fit of similar quality is, however, observed with the
function [Eq. (2)]:

ki¢o

c(t) = 2
(®) exp(kqt)(k; + kyCo)—k,Co )

This function is the solution of the differential Equation (3):

dc

5=k c—k,c? (3)

which is the superposition of a monomolecular and a bimolec-
ular decay process. Although a double exponential function as
well as the mixed kinetics of Equation (4) yield a better fit than
a single exponential, the residuals still show a systematic devi-
ation from zero that exceeds the noise significantly (Figure 3B,
m). One might hence ask whether the system is inhomogene-
ous, that is, whether it contains molecules that represent a
whole distribution of rate constants p(k) that lead to the
apparent decay function:

ChemBioChem 2008, 9, 1931 - 1938
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Figure 3. A) Decay of the adduct fraction (c;) and rise of the dark form (c,).
The sum of both concentrations is constant within 4-1%. B) Residuals (4) of
the fits of several model functions to the decay curve of the adduct.

c(t) = / dkp(k)exp(—kt) (4)

The inversion of this Laplace transform with the aim of obtain-
ing the distribution function p(k) is a classical ill-posed prob-
lem, but can be solved by the maximum entropy method.®”*¥
The result is shown in Figure 4, and the corresponding residu-
als of the fit are shown in Figure 3B (0), and are indistinguisha-

T T T T T T

T
35 30 25 20 15 -10 -05
log, (k) —

Figure 4. Laplace inverse of the decay curve of the adduct obtained with
the maximum entropy method. The amplitude p(k) is plotted versus the log-
arithm of the rate constant, k. Three maxima occur at the rate constants
3.84x107% 4.11x1073 and 1.21x 1073 s™". These correspond to lifetimes of
26, 244, and 823 s.
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ble from the noise. The distribution function has three maxima
that correspond to decay times of 26, 244, and 823 s. This sug-
gests that a three-exponential decay function might also yield
a satisfactory fit. Indeed, such a fit is almost as good as the
result from the inverse Laplace transform by maximum entropy
(residuals in Figure 3B). We conclude, that the thermal decay
of the photoadduct back to the dark form indicates that the
system is inhomogeneous. A fit with residuals at the noise
level requires at least three exponentially decaying compo-
nents. However, if we allow for some amount of systematic
error in the measurement, a double-exponential fit or a mixed
kinetic model might also be acceptable. These observations
point to the possibility that the sample contains dimers or
aggregates of LOV1 domains, and that bimolecular reactions
might be involved in the equilibration of the sample in the
dark. However, no dependence of the decay curves on the
concentration of LOV domains was observed in the range from
OD,,; ,m=0.2to 1.2.

SEC of the natural LOV (LOV1-wt) domain under native
conditions

SEC analysis of a pure sample of LOV1 showed a distinct peak
at 91 min (corresponding to a molecular mass of 30 kDa) and a
broad peak at about 66 min with a shoulder at about 60 min
(Figure 5). For the 66 min peak a molecular mass of >200 kDa
was calculated. This demonstrates that LOV1 forms dimers
(30 kDa) and higher oligomers (> 200 kDa). No peaks that cor-
responded to monomers, trimers or oligomers up to tetrade-
camers were detected. To investigate whether dimers and olig-

1001[ sps-PAGE
80 - E
} 60'_ 15 kDa eas» /A)
A, | 40

0 C

] . T ¥ T L T . *I
40 50 60 70 80
fimin —

Figure 5. Equilibrium between LOV-wt dimers and higher aggregates under
native conditions. Elution profiles were obtained from the Superdex 200 pg
column. The peak positions of the standard proteins used for calibration are
indicated by arrows as follows: a) 3 amylase (200 kDa); b) alcohol dehydro-
genase (150 kDa); c) albumin (66 kDa); d) carboanhydrase (29 kDa); e) cyto-
chrom c (12.4 kDa). The sample (1 mL, 0.92 mgmL~'") was loaded on the
column, and the fractions were pooled according to the elution profile
(hatched areas) and concentrated in centrifugal filter devices. The mobile
phase was sodium phosphate buffer (10 mm, pH 8.0) supplemented with
NacCl (10 mm). The concentrated fractions that contained high or low-molec-
ular weight compounds were reanalyzed. A) Chromatogram corresponds to
the initial LOV1-wt sample; B) the result of the fractionated high-molecular
peak from the initial run; C) the result of the fractionated low-molecular-
weight peak from the initial run; inset: lane from the SDS gel showing only
monomers in the native LOV1 sample (without cross-linking).
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omers exist at equilibrium, the peaks were fractionated, con-
centrated, and re-loaded onto the column. The chromatograms
of both fractionated samples showed a size distribution of
LOV1 that was very similar to the initial one (Figure 5). This
demonstrates that in the dark the LOV1 domain stays in equi-
librium between dimers and higher aggregates. An increase in
the ionic strength of the eluent shifted the equilibrium to-
wards the aggregates, which is very unusual.

The identity of the LOV1 protein in each fraction was con-
firmed by UV/Vis spectroscopy in the range from 300 to
600 nm.

This result stands in contradiction to the results described
by Fedorov et al."® who found a mixture of monomers (about
80-90%) and tetramers (about 10-20%) of the same LOV1
domain by SEC analysis. However, dimerization of LOV1 do-
mains from several other species was often observed before.
The LOV1 domain of phot1 from Avena sativa exists as a mix-
ture of monomers and dimers under native conditions.”
Nakasako et al.””’ showed by using small-angle X-ray scattering
that the LOV1 domain of phot1 and phot2 from Arabidopsis
thaliana exists as a dimer in solution in the dark. A similar
result was seen for the LOV domain of FKF1 (Flavin-binding,
Kelch repeat, F-box protein) from A. thaliana,”™® and the LOV
domain of the white collar 1 protein from Neurospora crassa.”

Cross-linking in the dark

For analysis of the equilibrium, cross-linking with glutardialde-
hyde was performed because analytical ultracentrifugation is
inadequate on the required time scale. Electron paramagnetic
resonance spectroscopy requires unpaired electrons, which are
not present in LOV1 and would require labeling of the protein,
and which might affect interactions.

Obviously, the LOV1 domain exhibits a tendency for oligo-
merization. One set of samples was illuminated for different
periods of time with blue light before the cross-linking reac-
tion. A second set of samples was illuminated with blue light
for a constant period of time and was incubated in the dark
for different periods of time before being cross-linked. This
analysis was not feasible with SEC because the time required
for elution exceeds the thermal recovery time of the dark
state.

To “freeze” the association/dissociation equilibrium of LOV1,
€-amino groups on the surface of a monomer (nine lysines)
were covalently cross-linked by glutardialdehyde as described
previously.®" With references, which were not subjected to the
cross-linking procedure, we proved that sample preparation
(dialysis, vacuum concentration and solubilization) did not
cause aggregation. In the absence of the cross-linking agents,
only monomers that corresponded to a M,, of approximately
15 kDa were detected by SDS-PAGE (Figure 5, inset). As a refer-
ence to the blue-light effect, a sample of pure LOV1 was cross-
linked in the dark. The SDS-PAGE showed two bands that cor-
responded to about 15 kDa (monomer) and 30 kDa (dimer), re-
spectively (Figure 6, lane B). To account for a potential loss of
protein associated with the sample preparation for SDS-PAGE,
BSA (Figure 6 A and B, 66 and 50 kDa bands) was added as an
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Figure 6. Blue-light induced changes of the monomer/dimer ratio in LOV1-
wt. The concentration of LOV1-wt was 55 pum. A) Polyacrylamide gel (15%);
lane IS: internal standard (10 pL; 10 ug uL~" bovine albumin: 66 kDa);

lane M: molecular-weight marker; lane 1: sample cross-linked in the dark
before SDS-PAGE; lane 2: exposed to blue LEDs for 3 min before cross-link-
ing and SDS-PAGE; lane 3: exposed to blue LEDs for 3 min, incubated for

40 min in the dark, and then cross-linked before SDS-PAGE. B) Corre-
sponding densitometer plots of lanes IS and 1-3. C) Data of the experiments
with LOV1-wt. The values of the areas for the dimers and the monomers are
shown in lanes 1-3.

internal standard after cross-linking. As is obvious from Fig-
ure 6 A and B, the BSA contained an impurity. However, this im-
purity did not interfere with the analytes (monomers, dimers).
Additional bands on the gel might represent small amounts of
proteolytic fragments, because rather than a protease inhibitor
cocktail (containing peptides), only PMSF was used to prevent
interference with SDS-PAGE.

Although the recoveries of the samples differed slightly, the
sum of the monomers and dimers was constant, with respect
to the amount of the internal standard (BSA; Figure 6 A and B).

The yield of the cross-linking reaction strongly depended
both on the concentration of glutardialdehyde and on the re-
action time. The incubation period was kept constant at 2 min,
and the glutardialdehyde concentration was varied between 0
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and 5.5%. In the range between 0.2 and 3.5% of glutardialde-
hyde, the monomer/dimer ratio remained constant at a value
of about 1.3. In no case were species other than monomers
and dimers detected. For quantitative analysis of the densito-
metric plots, all peaks were numerically fitted with Gaussian
functions, which enables the determination of the areas of
overlapping peaks. The amounts of monomers and dimers
were calculated by the integrated optical density of the peak,
which was correlated to the integrated optical density of the
internal standard. In contrast to the SEC analysis, which
showed only dimers and oligomers of high molecular weight,
after cross-linking both monomers and dimers were identified.

Effect of blue light exposure on the monomer/dimer ratio

To investigate the effect of blue light on LOV1, a sample was il-
luminated with intensive LEDs for 3 min and cross-linked im-
mediately. Another sample was also illuminated for 3 min, but
was cross-linked after an incubation time of 40 min in the dark
(Figure 6). In comparison to the dark state, the ratio of mono-
mers to dimers decreased from 1.3 to about 0.3 after exposure
to blue light (Figure 6, lane C). When LOV1 was incubated in
the dark for 40 min after light exposure, the monomer/dimer
ratio of the dark state was recovered (Figure 6, lane D).

These experiments showed that the influence of light on the
association state of LOV1 is reversible. Apparently, the forma-
tion of the adduct-state results in structural changes on the
protein surface, which influence the intermolecular interactions
of the LOV1 domain.

Kinetics of monomer/dimer ratio during irradiation and
relaxation in the dark

To assess the time required to reach the light-adapted state,
the time of light exposure before cross-linking was varied.
Samples of LOV1 were irradiated with blue light for different
periods of time (0.5, 1, 2, and 3 min) and immediately cross-
linked (Figure 7). As a control an identical sample was cross-
linked in the dark. An exposure time of 0.5 min already result-
ed in a significant decrease in the monomer/dimer ratio com-
pared to the dark state. Before exposure, the amount of
dimers was about 40%. Immediately after 0.5 min of exposure
to light the amount of dimers increased to about 75%. This
value remained constant after longer exposure times (Fig-
ure 8A).

Furthermore, the incubation period in the dark after irradia-
tion with blue light for 2 min and before cross-linking, was
varied. Incubation times of 2, 6, 10, 20, 30, and 40 min were
selected. As a reference, an identical sample was cross-linked
without exposure to light (Figure 7B). After an incubation
period of 2 min the monomer/dimer ratio was comparable to
the one detected directly after illumination, that is, there were
about 70% dimers. By contrast, upon longer incubation times
the amount of monomers increased significantly, and the mo-
nomer/dimer ratio returned to that of the dark state. Figure 8B
illustrates this phenomenon in a plot of the amounts of mono-
mers and dimers versus time. The time constant for this pro-
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centration of LOV1-wt was 55 um. The following exposure times before
cross-linking were chosen: lane 1: cross-linked in the dark; lane 2: 0.5 min;
lane 3: 1 min; lane 4: 2 min; lane M: molecular-weight marker. B) Influence
of incubation time on the monomer/dimer ratio. The concentration of LOV1-
wt was 55 um. The following incubation times in the dark after a constant
exposure time of 2 min, and before cross-linking were used: lane 1: 2 min;
lane 2: 6 min; lane 3: 10 min; lane 4: 20 min; lane 5: 30 min; lane 6: 40 min.
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Figure 8. Effect of exposure time on the monomer/dimer ratio, A) deter-
mined by fitting the peaks in the densitometer plots with Gaussian func-
tions, and B) the time in the dark after 3 min of exposure. The fitted expo-
nential curves yield a time constant of about 7 min. The dots show the spec-
tral decay of the fraction of adduct, which is in the same order of magnitude
as the decay of the monomer/dimer ratio in the dark after an exposure time
of 3 min. The concentration of LOV1-wt was 55 um.

cess is about 7 min. The time constant of the spectral recovery
is about 200 s. If one considers the experimental time resolu-
tion of the cross-linking experiments of about 2 min, both time
constants are of comparable magnitude.
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Model of a LOV1 dimer

SEC analysis under native conditions showed that LOV1 exists
mainly as a dimer in the dark. SDS-PAGE experiments with and
without cross-linking confirmed that these dimers are not co-
valently bound. To visualize the quaternary structure, an analy-
sis on the basis of the X-ray crystal structure of the LOV1
domain from C. reinhardtii, which was solved by Fedorov
et al™ (PDB ID code: 1N9L) was performed. For this purpose,
the monomeric structure was expanded in its P 65 2 2 symme-
try in the crystal, which yielded a circular oligomeric structure.
An enlargement of the neighboring space of a single LOV1
domain within the crystal reveals that a single domain (a) is
surrounded by four neighboring domains (b-e), which are in
direct contact (Figure 9A). These four different kinds of dimers
were analyzed in more detail by calculating the solvent-acces-
sible surface area (SASA) of each dimer and of a single domain
by subtraction of the double SASA of a single domain by the
corresponding SASA of the dimer; this gave an estimate of the
total contact area within each type of dimer. The dimer [a]|b]
showed the largest contact area. The Conolly surface of the
LOV1 domain was calculated and revealed a lipophilic area in
the left bay of the domain (Figure 9B, brown region), which
protrudes into the direction of an area with higher hydrophilic-

A)

B)

Figure 9. Analysis of the quaternary structure on the basis of the X-ray crys-
tal structure of the LOV1 domain from C. reinhardtii (PDB ID code: 1N9L).

A) Neighboring space of a single LOV1 domain within the crystal (crystallized
in P 65 2 2 symmetry) reveals that a single domain (a) is surrounded by four
other domains (b-d) and is in direct contact with them. The dimer [a|b]
shows the largest contact area (calculated by SASA); this suggests that this
type of dimer is most stable. B) Calculated Conolly surfaces of the LOV1 do-
mains in the [a|b] dimer. The lipophilic potential shows a lipophilic area
(brown region) in the left bay of the domain, which protrudes in the direc-
tion of an area with higher hydrophilicity (green region). In the dimer [a|b]
both lipophilic surfaces fit very well sterically.
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ity (Figure 9B, green region). In the dimer [a|b] both lipophilic
surfaces point to each other and fit very well sterically. There-
fore, we assume the dimer [a|b] predominates in solution.

Conclusions

Kinetic measurements showed that the thermal back-reaction
from the photoadduct to the dark state is inhomogeneous. A
possible reason for this could be the coexistence of monomers,
dimers, and higher aggregates. In this case bimolecular reac-
tions may participate in adjusting the equilibrium in the dark.
Analysis of LOV1 by SEC showed a mixture of dimers and
higher aggregates (larger than tetradecamers). These oligo-
mers were shown to exist at equilibrium, which can be shifted
to the higher aggregates with an increasing ionic strength in
the eluent.

Cross-linking of LOV1 in the dark and subsequent SDS-PAGE
showed that the dimers that were identified in the SEC are
bound by noncovalent interactions. Without cross-linking, only
monomers could be observed by SDS-PAGE. The higher aggre-
gates that were observed in the SEC were not detected by
SDS-PAGE. Apparently, the probability of cross-linking of such
higher aggregates is too low. Furthermore, monomers were
detected, which were not seen in the SEC.

The observation of monomers after SDS-PAGE indicates that
cross-linking is not complete. Because no monomers exist in
the native state, the increase of the dimer fraction following
excitation with blue light can not be due to dimer formation
from monomers. One plausible explanation is that the dimers,
even those that are obviously present as subunits in the
higher aggregates, undergo a conformational change in the
photoexcited state that strongly increases their cross-linking
yield. This might happen because the distances between the
lysines decrease in the photoexcited state so that the cross-
linking reaction is more probable (see figure in the graphical
abstract). Such a photoinduced increase of the LOV-LOV inter-
action might be important for signal transduction if, as sug-
gested,®™ the autophosphorylation of phot is in fact a mutual
cross-phosphorylation of a pair of phot proteins.

In summary, our observations indicate a light-induced inter-
action between the LOV1 domains from C. reinhardtii. Blue
light induces the formation of the adduct state within the pro-
tein, and this adduct formation then forces the protein into a
conformation in which the interaction between two LOV1 do-
mains is strongly increased. This kind of blue-light-driven inter-
action between LOV1 domains might also occur in the full-
length protein phototropin, and might play a role in the signal
transduction pathway.

Experimental Section

Materials: Bacto tryptone, agar and yeast extract were purchased
from Becton, Dickinson and Company (Sparks, USA). PMSF was
bought from Roth (Karlsruhe, Germany) and the molecular weight
standards for SDS-PAGE were purchased from Peglab (Erlangen,
Germany). Water was purified by a Milli-Q system (Millipore, Esch-
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born, Germany). All other chemicals were of analytical grade and
were obtained either from Merck or from Sigma-Aldrich.

LOV1 expression and purification: The gene fragment that en-
coded the FMN-binding LOV1-wt domain (amino acids 16-133)
was cloned into the E. coli expression vector Hispx2 between the
EcoRl and Hindlll sites in such a way that the protein carried one
Met, twelve His, one Glu, and one Phe that were derived from the
vector sequence at the N-terminal end. (The Hispx2 vector was
produced by cutting off the sequence that coded for the maltose-
binding protein out of the pMal-p2x vector (New England Biolabs,
Frankfurt, Germany) in a first step, and then inserting a sequence
that encoded 10xHis.) The protein was expressed in E. coli strain
BL21 (New England Biolabs, Frankfurt, Germany) and purified by a
Ni-NTA column (Qiagen, Hilden, Germany) as described previous-
ly." After purification, LOV1 was dialyzed against sodium phos-
phate buffer (10 mm, pH 8.0) that contained NaCl (10 mm) and
PMSF (0.1 mm).

UV/Vis spectroscopy: For all bleaching experiments LOV1 was
diluted in sodium phosphate (10 mm, pH8.0) that contained
NaCl (10 mm) to yield a protein concentration of 0.85 mgmL .
LOV1 concentrations were determined by measuring the absorp-
tion at 447nm by using the extinction coefficient g,,=
12500 Lmol'ecm™' of free FMN. This determination was based on
the assumption of identical extinction coefficients for free and
LOV1-bound FMN. For photobleaching, the samples were irradiat-
ed for 1 s with intense blue light LEDs (Luxeon® lll Emitter K&nigs-
blau, Lumileds Lighting, San Jose, USA) with an emission maximum
of 460 nm and a width at half height of 20 nm. LEDs were posi-
tioned on both sides of the cuvette. Immediately after bleaching,
time sequences of spectra were collected in the dark every 20 s for
an overall time interval of 3000 s. The shutter of the diode array
was opened for only 25 ms, which is too short a period of irradia-
tion time with white light to affect adduct formation during the
registration of a single spectrum. In addition, we made sure that
an interval of 20 s between the recordings of subsequent spectra
had no effect. Cuvettes were maintained at a temperature of 20°C
during the measurements. Absorption spectra were measured with
a Lambda 9 spectrophotometer (Perkin—Elmer), and time sequen-
ces of the spectra were recorded with a Specord S100B diode array
spectrometer (Analytik Jena, Jena, Germany).

Size-exclusion chromatography (SEC): Prior to the separation of
LOV1, a Superdex 200 pg 16/60 column (GE Healthcare, Uppsala,
Sweden) was equilibrated with sodium phosphate buffer (10 mm,
pH 8.0) supplemented with NaCl (10 mm). Calibration was per-
formed with gel filtration by using molecular weight markers of
12400-200000 Da (Sigma-Aldrich, Munich, Germany). After calibra-
tion Ni-IMAC purified LOV1 was separated by SEC. The LOV1
sample (1 mL) with a concentration of 0.84 mgmL~" was applied
to the column and separation was performed at a flow rate of
1 mLmin~" and a detector wavelength of 280 nm by using an Akta
Purifier FPLC system (GE Healthcare, Uppsala, Sweden). All SEC ex-
periments with LOV1 were performed in the dark at 8-9°C. Frac-
tions were pooled according to the elution profile and were con-
centrated in centrifugal filter devices (MWCO 5000, Amicon Ultra-5,
Millipore, Eschborn, Germany). The concentrated fractions that
contained high or low-molecular-weight compounds, were then re-
analyzed by SEC. Fractions were separately applied to the Super-
dex 200 pg 16/60 column, and elution profiles were detected as
described above.

Cross-linking with glutardialdehyde: Cross-linking with glutardial-
dehyde was essentially performed as described in ref. [31,33]. Brief-

1937

www.chembiochem.org



www.chembiochem.org



BIO

ly, sodium phosphate (421 uL, pH 8.0; 10 mm) that contained NaCl
(10 mm) was mixed with 2.5% (v/v) ag. glutardialdehyde solution
(50 pL). After 30 s, protein solution (0.85 ugmL™"; 29 ulL) was inject-
ed, and the mixture was shaken vigorously for 2 min. The reaction
was stopped by addition of NaBH, (ca. 10 mg) and shaken for
20 min to assure complete reduction of excess glutardialdehyde.
Concentrated H;PO, (30 pL) was added in three portions. After ad-
dition of SDS solution (10%, w/v; 100 pL) the samples were dia-
lyzed (MWCO 10000 Da) against SDS (0.2%, w/v) at 60°C. Samples
were dried, overnight, in a speedvac (Savant speedvac Plus
SC110A; Divebid, Cambridge, USA) at low temperature before they
were dissolved in water (12 pL) and Laemmli buffer (3 pL) for sub-
sequent SDS-PAGE analysis.

SDS-PAGE: SDS-PAGE was performed as described in ref [34]. Pro-
teins were separated in 12 or 15% polyacrylamide gels by using a
PerfectBlue™ gel electrophoresis system Twin S (Peglab, Erlangen,
Germany). All samples were heated for 3 min at 100°C before they
were loaded onto the gel. The gels were scanned and analyzed in
a GS-710 Imaging Densitometer by using Quantity One quantifica-
tion software, version 4.0.3 (Bio-Rad, Munich, Germany). For quanti-
tative evaluation of protein peaks the fitting routines in the pro-
gram Origin (OriginLab Corporation, Northampton, USA) were
used.

Calculation of LOV1 surfaces and visualisation of dimer forma-
tion: The vicinity of a LOV1 monomer within the crystal (Figure 9)
was analyzed with the software package PyMOL“? by using the
symmetry information within the PDB file TN9L. Solvent-accessible
surface areas were calculated with VEGA ZZ 2.1.0.57

Connolly surfaces were calculated by using Sybyl version 7.1
(Tripos, St. Louis, USA). Inorganic ions and water molecules were
excluded and a radius of 1.4 A was chosen for the contact mole-
cule. In accordance with the distribution of lipophilic residues and
the electrostatic potential on the Connolly surface, the proposed
protein dimers were fitted manually.
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The Anthelmintic Activity of the Cyclotides: Natural
Variants with Enhanced Activity

Michelle L. Colgrave,”™ Andrew C. Kotze,” David C. Ireland,”’ Conan K. Wang,” and

David J. Craik*™

The cyclotides are a family of backbone-cyclised cystine-knot-con-
taining peptides from plants that possess anthelmintic activity
against Haemonchus contortus and Trichostrongylus colubri-
formis, two important gastrointestinal nematode parasites of
sheep. In the current study, we investigated the in vitro effects of
newly discovered natural cyclotides on the viability of larval and
adult life stages of these pests. The natural variants cycloviolacin
02, cycloviolacin 03, cycloviolacin 08, cycloviolacin O13, cyclo-
violacin 014, cycloviolacin O15, and cycloviolacin O16 extracted
from Viola odorata showed up to 18-fold greater potency than
the prototypic cyclotide kalata B1 in nematode larval develop-
ment assays. Cycloviolacin O2 and cycloviolacin O14 were signifi-
cantly more potent than kalata B1 in adult H. contortus motility

Introduction

Antiparasitic products are among the largest segments of both
the livestock and companion animal markets for healthcare
agents. There is an ongoing need for the development of
new anthelmintics as resistance develops to the current
agents, particularly the recently introduced macrocyclic lactone
group.” There is also increasing emphasis on the need for
safe, convenient and environmentally friendly products for use
in parasite control.

The cyclotides are a recently characterised family of cyclic,
disulfide-rich peptides discovered in plants from the Violaceae
and Rubiaceae families.®? They incorporate a cystine knot
motif¥ that interlocks three conserved disulfide bonds. Togeth-
er with the head-to-tail cyclised backbone, this structural motif
imparts exceptional stability to the cyclotides.”! The cystine
knot motif results in the exclusion of hydrophobic residues
from the core of these peptidic molecules. These hydrophobic
residues form a surface-exposed patch that may be involved in
interactions with membranes or modulate self-association be-
haviour. Studies by analytical ultracentrifugation have demon-
strated that cyclotides undergo self-association to form oligo-
mers.! The hydrophobic face and in particular the exposed
tryptophan of kalata B1 have been shown to penetrate mem-
branes.” It has been proposed that the mode of action of the
cyclotides is through self-association and membrane disrup-
tion.

Figure 1 shows the sequence alignment of a range of cyclo-
tides isolated from Viola odorata,’® Viola yedoensis® and Viola
hederaceae."™ These cyclotides were selected based on the net
positive charge of the V. odorata peptides and the increased

ChemBioChem 2008, 9, 1939 — 1945
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assays. The lysine and glutamic acid residues of cycloviolacin O2,
the most potent anthelmintic cyclotide, were chemically modified
to investigate the role of these charged residues in modulating
the biological activity. The single glutamic acid residue, which is
conserved across all known cyclotides, was shown to be essential
for activity, with a sixfold decrease in potency of cycloviolacin 02
following methylation. The three lysine residues present in cyclo-
violacin O2 were acetylated to effectively mask the positive
charge, resulting in a 18-fold decrease in anthelmintic activity.
The relative anthelmintic activities of the natural variants as-
sayed against nematode larvae correlated with the number of
charged residues present in their sequence.

hydrophobicity of the V. hederaceae/V. yedoensis peptides rela-
tive to the prototypic cyclotide kalata B1. The number of cyclo-
tides known is expanding rapidly and a recent investigation of
diversity within Australian Hybanthus species estimates that
there are >9000 cyclotides in the Violaceae family,"" hence
there is a huge potential for cyclotides with desirable biologi-
cal activities to be uncovered.

The cyclotides exhibit a diverse range of biological activities,
including anti-HIV,"® antimicrobial,"® cytotoxic,"¥ haemolyt-
ic,™ antifouling,"® and antineurotensive'”’ properties, al-
though their natural role is postulated to be in plant de-
fence."®' The insecticidal activity of the prototypic cyclotide,
kalata B1, was previously demonstrated against Helicoverpa
punctigera® and Helicoverpa armigera®" larvae, major pests of
cotton. A recent examination of H. armigera mid-guts showed
that cyclotides produced marked disruption of the microvilli,
blebbing, swelling and the ultimate rupture of the gut epitheli-
um.”? Recently, we demonstrated that the cyclotides also
show potent anthelmintic activity towards the gastrointestinal
nematodes of sheep, Haemonchus contortus and Trichostron-
glyus colubriformis.?*

[a] Dr. D. C. Ireland, C. K. Wang, Prof. D. J. Craik
Institute for Molecular Bioscience, The University of Queensland
Brisbane, QLD 4072 (Australia)
Fax: (+61) 733462029
E-mail: d.craik@imb.ug.edu.au
[b] Dr. M. L. Colgrave, Dr. A. C. Kotze
CSIRO Livestock Industries, 306 Carmody Road
St. Lucia, QLD 4067 (Australia)
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Figure 1. Sequence alignment of cyclotides tested in larval development assays. The kalata peptides isolated from O. affinis were the first known examples of cyclotides. The cycloviolacins from V. odorata contain

multiple basic amino acids, whilst peptides isolated from V. yedoensis and V. hederaceae are more hydrophobic in nature.

D. J. Craik et al.

The aim of the current study was to identify natural
variants of the cyclotides with increased toxicity to-
wards these gastrointestinal parasites. Cycloviolacin 02
showed a 18-fold increase in activity in larval develop-
ment assays and anthelmintic activity was demonstrat-
ed to correlate with the net peptide charge. Because
many of the other known activities of the cyclotides
appear to be associated with membrane disruption,
the findings of the current study are of broader impor-
tance to understanding the mechanism of action of
the cyclotides in general. We also used chemical modi-
fication of key residues to determine the role of these
residues and their associated charge in modulating the
biological activity of the cyclotides.

Results

Anthelmintic activity was assessed by screening cyclo-
tides in a larval development assay in which newly
hatched first-stage larvae (L1) were cultured to fully
developed third stage larvae (L3) in the presence of
the cyclotides at a range of concentrations. Selected
cyclotides that demonstrated increased potency in this
assay system, relative to the prototypic cyclotide (kala-
ta B1), were examined in adult worm motility assays.
Finally, cycloviolacin 02, the most potent cyclotide
tested, was chemically modified to investigate the role
of charged residues in modulating anthelmintic activi-

ty.

Effects of cyclotides on the development of sheep
nematode eggs to L3 larvae

Development of larvae from the L1 stage to the fully
developed L3 stage was >90% in the absence of cy-
clotides; this indicates that the different diluents used
in this assay had no significant effect on larval devel-
opment.

A range of natural variants were selected based on
net charge and/or hydrophobicity and were tested
alongside the prototypic cyclotide kB1 in larval devel-
opment assays with H. contortus and T. colubriformis.
Table 1 shows the IC5, and ICy, values for all peptides
tested against both nematode species.

Figure 2 shows the dose-response curves for a
number of cyclotides isolated from the sweet violet
V. odorata. A number of these cyclotides were found
to have larvicidal activities significantly greater than
kB1, and c0O2, c03, cO8 and cO13—the most potent of
the variants tested—had ICs, values of 0.12-0.24 um
for H. contortus and 0.19-0.24 um for T. colubriformis.
The peptides cO14, cO15 and cO16 also showed
increased activity compared to kB1 (with ICs, values
of 0.27-0.41 pm for H. contortus and 0.41-0.64 um
for T colubriformis). The cyclotides, cO1 and c024
(V. odorata), vhl-1 (V. hederaceae), and cY4 and cY5
(Viola yedoensis) showed comparable activities to kB1

ChemBioChem 2008, 9, 1939 - 1945
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for H. contortus (1.74-2.82 compared to 2.26 pm), while vhl-1
had similar activity against T. colubriformis (with an 1Cs, of 5.78
compared to 7.13 um for kB1). Cycloviolacins 024, Y4 and Y5
showed two- to threefold improved activity against T. colubri-
formis (with ICs, values of 2.99, 2.27 and 2.40 ugmL~', respec-
tively). Cycloviolacin Y1 had markedly reduced activity (ICs,
could not be calculated for either worm species). The cyclo-
tides varv A and varv E extracted from V. odorata, and cyclovio-
lacin H3 extracted from V. hederaceae showed similar activities,
with 1Cs, values of 0.85-1.13 um towards H. contortus, repre-
senting a twofold increase in toxicity compared to kB1.

In summary, the most potent cyclotides tested were all ex-
tracted from V.odorata and contained three or four basic
amino acids. The ICs, values for this group were significantly
lower than all other cyclotides that contained fewer (0-2) basic
amino acids.

ChemBioChem 2008, 9, 1939 — 1945

- . Effects of cyclotides on the
Table 1. Effects of the cyclotides on development of H. contortus and T. colubriformis in vitro. .
motility of adult H. contortus
H. contortus T. colubriformis
Cyclotide ICso [um] 1Co5 [um] ICso [um] 1Cos [um] The worm motility assay involves
kalata B1® 2.26 7.1 7.13 26.05 scoring the nematodes on a 0-3
(2.20-2.33) (7.16-8.23) (6.99-7.23) (24.29-27.99) Sca|el in which 0 represents no
[b]
kalata B2 159 532 569 15.03 movement and 3 represents
(1.59-1.60) (4.64-6.10) (5.62-5.76) (14.05-16.08) . . o
kalata B6 0.87 1.69 262 1.9 normal sinusoidal motion.”* Ob-
(0.86-0.87) (1.56-1.84) (2.54-2.69) (11.03-12.98) servations on worm motility in
kalata B7[d] 6.29 12.58 5.64 13.13 contro' assays (no peptlde)
. (6.09-6.65) (10.82-14.63) (5.51-5.80) (11.21-15.38) showed that H. contortus adults
varv A 1.13 4.46 1.89 19.78
(1.07-1.20) (3.13-6.36) (1.61-2.23) (12.19-32.08) | Cultured for 72 h were able to
vary B9 0.90 4.19 3.75 9.36 maintain a degree of motility
(0.74-1.09) (1.87-9.42) (3.57-3.93) (7.84-11.14) comparab'e to that seen at the
cycloviolacin 01 2.82 17.48 3.89 13.14
commencement of the assa
(2.49-3.19) (10.76-28.49) (3.19-4.75) (7.76-22.21) . " y
cycloviolacin 021 0.12 035 0.24 0.51 period. The mean motility score
(0.11-0.13) (0.29-0.43) (0.23-0.25) (0.43-0.60) for control worms at 72 h was
cycloviolacin 03[d] 0.21 0.41 0.23 0.33 26+0.2 (meaniSE, n=>5 sepa-
(0.18-0.24) (0.24-0.71) (0.19-0.27) (0.22-0.49)
rate control assay tubes). The ef-
cycloviolacin 08 0.24 1.24 0.22 1.13 . y )
(0.22-0.26) (0.99-1.57) (0.20-0.24) (0.90-143) | fects on motility of the cyclo-
cycloviolacin 013 0.21 0.76 0.19 0.92 tides cO2 and cO14 are shown
(0.19-0.22) (0.55-1.05) (0.17-0.21) (0.73-1.15) in Figure 3. A range of concen-
cycloviolacin 014" 0.41 0.91 0.64 1.38 .
trations of cO2 and cO14 were
(0.38-0.44) (0.75-1.10) (0.61-0.66) (0.98-1.96)
cycloviolacin 0154 038 176 0.41 214 tested and scored after 24 and
(0.35-0.40) (1.23-2.51) (0.38-0.44) (1.45-3.17) 48 h. After 24 h, motility scores
cycloviolacin 0169 0.27 2.56 0.45 1.43 of <0.5 were recorded for con-
(0.24-0.30) (1.86-3.52) (0.43-0.47) (1.05-1.95) o
centrations of >16 (cO2) and
cycloviolacin 024 1.74 417 2.99 4.83 - ( ) )
(1.65-1.82) (3.55-4.91) (1.72-5.19) (1.24-1881) | 31 1 (cO14), and the intermedi-
vhl-1@ 2.06 50.52 5.78 42.32 ate concentrations responded in
(1.55-2.73) (23.80-107.28) (3.72-8.98) (23.52-76.30) a dose_dependent manner. At
cycloviolacin H3¥ 0.85 7.36 5.90 19.46 o
this time, worms exposed to kB1
(0.77-0.94) (4.47-12.14) (5.23-6.67) (12.83-29.52) P o
cycloviolacin Y1 n.c n.c. n.c. n.c at 35 um showed motility scores
cycloviolacin Y49 2.01 6.73 227 5.26 >1.5. After 48 h, there was a
" (1.77-2.28) (4.44-10.21) (2.04-2.54) (4.12-6.71) Signiﬁcant reduction in motility
cycloviolacin Y5 2.28 22.24 2.40 10.97 . .
with all three peptides tested.
(1.88-2.76) (9.29-53.35) (2.00-2.88) (5.48-21.94) pep o
Both cO2 and cO14 were signifi-
Values ‘glven are the mean ICs, or IC,, for [a] eight, [b] three, [c] tVYO, or [d] one 'experlment(s), with 95% confi- cantly more potent and caused
dence intervals, with three assay wells at each of a range of cyclotide concentrations; n.c.: not calculated. . .
greater decreases in worm motil-

ity than kB1. Although the limit-
ed number of concentrations

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and the subjective “step-wise” nature of the scoring system
does not allow ready quantification of differences between the
activities of the peptides, it was apparent that after 48 h a mo-
tility score of 1 was associated with <4, 4 and approximately
20 pm for cO2, cO14 and kB1, respectively.

Effects of chemical modifications on anthelmintic activity

Figure 4 shows dose-response curves that compare the anthel-
mintic activities of chemically modified cO2 analogues in the
larval development assay against H. contortus. Acetylating the
lysine side-chain amines or methylating the glutamic acid
effectively removed the charge on the peptide. The sites of
chemical modification were confirmed by tandem mass spec-
trometric sequencing following the reduction and enzymatic
digestion of the cO2 analogues (results not shown). Acetyla-
tion of the lysine side chains dramatically decreased the an-

1941
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Figure 2. The effect of selected natural variants on the development of nem-
atode eggs to third stage (L3) larvae of: A) H. contortus, and B) T. colubri-
formis. Cycloviolacin 02 (4), cycloviolacin 013 (x), cycloviolacin O14 (m), cy-
cloviolacin O15 (A) and cycloviolacin 024 (*) were compared to the proto-
typic cyclotide kalata B1 (). Each data point represents the mean (= SE,
with three assay wells at each of a range of cyclotide concentrations).
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Figure 3. The effect of kalata B1 (o, dotted line), cycloviolacin 02 (2, dashed
line) and cycloviolacin 014 (m, solid line) on motility of H. contortus adults in
vitro after A) 24, and B) 48 h. Each data point represents mean +=SE (n=3,
separate assay tubes).
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Figure 4. Chemical modification of key residues of cycloviolacin O2. The
glutamic acid residue was modified with acetyl chloride in methanol (cO2-
Glu(Me)), while the lysine residues were acetylated with acetic anhydride in
ammonium bicarbonate buffer (cO2-Lys(Ac,)). These modifications effectively
removed the negative and positive charges, respectively.

thelmintic activity as evidenced by the ICs, value of 2.30 um,
compared to 0.13 um for native cO2 (18-fold decrease). The
ICs, value for cO2-Glu(Me) was 0.76 pum, representing an ap-
proximately sixfold decrease in potency. Similar decreases in
activity were observed with T. colubriformis (Table 2).

Discussion

In a recent paper we described the anthelmintic activity of the
prototypic cyclotide kalata B1 and a few selected cyclotides
from O. affinis that differed by up to six single-point mutations
(kalata B2, B6 and B7; Figure 1).% In the current work, we ex-
amined a wide range of cyclotides that vary dramatically in
amino acid composition, net charge and hydrophobicity. The
significantly increased activity detected in the variants exam-
ined here clearly highlights the potential for cyclotides as
anthelmintics. There are currently ~100 published sequences
of cyclotides although it is expected that >9000 exist in na-
ture.™

The natural variants extracted from V. odorata, namely the
cycloviolacins cO2, cO3, c08, cO13, cO14, cO15 and cO16, pos-
sess up to 18-fold greater activity than the prototypic cyclotide
kalata B1 against H. contortus. The activity of cO2 (IC;, of
0.12 um) compares favourably with current commercial anthel-
mintics, such as thiabendazole (IC;, of 0.064 um), levamisole
(IC5, of 1.4 um) and naphthalaphos (ICs, of 0.73 um), but is sig-
nificantly less than the macrocyclic lactone ivermectin (ICg, of
0.00076 pMm) in this assay system.*!

It is interesting to note that the increased anthelmintic activ-
ity observed for the natural variants compared to kB1 corre-
lates with the number of charged residues present within each
of the peptide sequences. Although peptides that contain one
or two charged residues, such as varv A, cO1 and vhl-1, pos-
sess activity that is comparable to that previously reported for
kB1, those that contain three or four charged residues showed
a substantial improvement in activity that is independent of
subfamily classification (i.e., high activity is seen in variants
from both the Md&bius and bracelet subfamilies). Interestingly,
all of the natural variants showing substantial increases in
anthelmintic activity eluted within a 25-33% (HPLC solvent B:

ChemBioChem 2008, 9, 1939 - 1945
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FULL PAPERS

H. contortus

Table 2. Effects of chemically modified cyclotides on development of H. contortus and T. colubriformis in vitro.

face-exposed hydrophobic
patch. Previous studies on kB1 in

T. colubriformis dodecylphosphocholine micelles

Cyclotide ICso [um] ICoy [um] ICso [pm] ICoy [um] have shown that residues in-
kalata B1 226 7.1 7.13 26.05 volved in the formation of this
(2.20-2.33) (7.16-8.23) (6.99-7.23) (24.29-27.99) patch penetrate the micellar sur-
cycloviolacin 02 0.13 0.35 0.24 0.59 £ .
nd the char resi ’
(0.12-0.14) (0.29-0.43) (0.23-0.25) (0.49-0.70) ace a.d t .e cha ged. fas dues
c02-Lys(Ac,) 230 11.64 317 158.42 glutamic acid and arginine, are
(2.11-2.50) (8.35-16.21) (2.48-4.07) (65.59-379.56) in contact with the polar head
c02-Glu(Me) 0.76 5.92 0.91 8.66 groups of the detergent.[ﬂ The
(0.65-0.90) (2.82-12.40) (0.81-1.02) (5.65-8.66)

masking of the charge on the

wells at each of a range of cyclotide concentrations.

Values given are the mean ICs, or ICy for two experiments, with 95% confidence intervals, with three assay

highly conserved glutamic acid
(red) along with substitution by

90% CH5CN, 0.05% TFA) window correlating with relatively
lower hydrophobicity than kB1 (38% B).

The importance of charge was further examined by chemi-
cally modifying the charged residues within the peptide cO2 in
an approach similar to that used by Herrmann et al.” Cyclo-
violacin 02 was selected for this analysis as it was the most
potent of all cyclotides tested. Acetylation of the two lysine
residues in loop 5 resulted in an 18-fold decrease in activity
against H. contortus, and 13-fold decrease against T. colubri-
formis. Esterification of the conserved glutamic acid residue in
loop 1 decreased activity sixfold
for H. contortus and fourfold for
T. colubriformis. In a previous
study, a complete suite of ala-
nine mutants of the prototypic
cyclotide kalata B1 was exam-
ined for their anthelmintic activi-
ty relative to wild-type kB1.2¥
Replacing the glutamic acid in
loop 1 with alanine was shown
to completely abolish the activi-
ty. In addition, replacing the sole
positively charged residue (argi-
nine in loop 6) with alanine also
greatly decreased the anthelmin-
tic activity. The charge-modifica-
tion data shown in the present
study correlates with previously
reported data, in which de-
creased cytotoxicity was ob-
served following methylation of
the glutamic acid (48-fold de-
crease) and the acetylation of
the lysine residues in cO2 (three-
fold decrease).”

Three-dimensional surface rep-
resentations for two of the most
potent anthelmintic cyclotides,
c02 and cO14, are shown in
Figure 5. Hydrophobic residues,
which are highlighted in green,
cluster together to form a sur-

lle2
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alanine™ have a profound effect
on activity. The cyclotides with
multiple basic residues (blue) were observed to have increased
anthelmintic activity. Figure 5 indicates that these residues are
spatially removed from the hydrophobic patch. The increased
activity can be attributed to the increased sequestering of
these molecules on the negatively charged membrane surface.
The removal of these basic residues by acetylation reduced the
anthelmintic activity to a level comparable with kB1.
The increased activity observed for cO2 and cO14 against
larval life-stages of the parasite was also evident against
adults. The degree of increase in activity relative to the proto-

Ala5

180°

Cycloviolacin 02

Trp10

Figure 5. Structure of cycloviolacin 02 and 014 showing the Glu (red) and Lys (blue) residues that were found to
have roles in modulating the anthelmintic activity. The hydrophobic residues are coloured green and are thought
to play a role in membrane binding and disruption. The yellow residues represent the cysteines that are involved
in the cyclic cystine knot motif that is responsible for the exceptional stability of this class of molecules.
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typic peptides appeared to be less for adults than larvae, but
this may be a reflection of the insensitivity of the adult assay
as it is based on the scoring of worm motility using a limited
number of scoring values rather than the more broad mea-
surement of larval development percentages for the larval
assay. Nevertheless, it was apparent that increased activity
toward the larval life stages was also observed against the
adult parasites. This suggests that structure-activity relation-
ships established using the larval assay may also apply to es-
tablishing the factors important for optimising activity against
the adult life stage, which will be the principal target of any
cyclotide-based commercial anthelmintic.

Encouragingly, a number of the cycloviolacins show greater
anthelmintic activity towards H. contortus than kalata B1 and
they also showed decreased haemolytic activity.® Thus, given
the extent of cyclotide occurrence in nature, there may be sig-
nificant potential for identification of variants with desirable
anthelmintic activity, while minimising undesirable characteris-
tics such as haemolytic activity, in order to ensure a degree of
specificity for the parasite alongside minimal toxic effects on
the host animal.

Conclusions

The investigation of compounds obtained from natural sources
such as plants is fundamentally important for the development
of new anthelmintic drugs. Peptides offer a potential alterna-
tive to current methods of chemical control of gastrointestinal
nematodes, which suffer from problems of resistance, contami-
nation and environmental pollution. The cyclotides show
promising activity. In this work, we have tested several natural
variants of cyclotides and found examples with increased nem-
atocidal activity. Further work is required to evaluate their tox-
icity towards livestock and companion-animals, as well as to
determine adequate in vivo dose levels for nematode control.

Experimental Section

Cyclotide isolation: Kalata B1 and other natural variants were iso-
lated from the above ground parts of Oldenlandia affinis,**%*®
Viola odorata,*® Viola yedoensis® and Viola hederaceae."” Fresh
plant material (500 g) was ground and extracted with DCM/MeOH
(2L, 1:1, v/v), and the crude extract was partially purified by RP
flash chromatography to yield a fraction that predominantly con-
tained cyclotides (5 g). This sample was purified further by prepara-
tive RP-HPLC to yield pure kalata B1 (125 mg) together with small-
er amounts of the other natural variants as described previously.”

Preparation of nematode eggs: The eggs of H. contortus and T. co-
lubriformis were recovered from faeces collected from sheep
housed at the McMaster Laboratory, CSIRO Livestock Industries, Ar-
midale, NSW. The parasites were from the drug-susceptible McMas-
ter isolate of T. colubriformis, with no history of exposure to anthel-
mintics, and the Kirby isolate of H. contortus, isolated from the field
at the University of New England Kirby Research Farm in 1986,
and known to be susceptible to all commercial anthelmintics (un-
published data). The nematode eggs were isolated from the faeces
by passing the faeces through a series of fine sieves (250 and
75 um) followed by centrifugation in a stepwise sucrose gradient
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(10, 25 and 40% sucrose). The eggs were recovered from the inter-
face between the 10 and 25% sucrose layers, washed over a
25 um sieve with water to remove residual sucrose and diluted in
order to obtain 50-60 eggs per 30 pL after the addition of ampho-
tericin B (37.5 ugmL™").

Adult nematodes: The adult worm recovery and culture methods
were as described previously.®” Briefly, adult nematodes were
removed from sheep abomasa 10-20 weeks post infection and
placed into RPMI-1640 medium containing glucose (1%), ampho-
tericin B (0.25ugmL™"), penicillin  (10UmL™"), streptomycin
(10 pgmL™"), and HEPES buffer (10 mm, pH 6.8), at approximately
37°C. The only significant change from the previously described
method® was the inclusion of newborn bovine serum (20%) in
the culture medium, and the subsequent maintenance of the
worms in an atmosphere of 20% CO,, 5% O, and 75% N, (com-
pared to 5% CO, in air for the earlier study). Nematodes were
removed from digesta material by using forceps, and were held in
the medium for 3-4 h whilst removal from digesta continued. They
were then transferred to medium containing the antimicrobial and
antifungal agents described above at tenfold higher concentra-
tions, and left for 1-2 h. Groups of ten females were then placed
into 0.5 mL of the culture medium described above in separate
glass vials and held at 37 °C before use in adult motility assays.

Larval development assay (LDA): LDAs were conducted in a mi-
crotitre plate format as described by Lacey et al.?" Briefly, 200 uL
of agar (2%) was deposited into each well of a 96-well microtitre
plate. After this had solidified, nematode egg solution (30 uL) was
added into each well. Water (10 pL) was added to the control wells
and cyclotide solution (10 L, varying concentrations) was added
into the treatment wells. The final concentration range was 0.3-
333 ugmL™" (0.09-11.53 um). After 24 h, growth medium (20 pL)
was added to each well. The growth medium consisted of Earle’s
salt solution (10%, v/v), yeast extract (1%, w/v), sodium bicarbon-
ate (1 mm) and saline solution (0.9% sodium chloride, w/v).*? The
nematodes were allowed to feed and develop for four days and
then killed using Lugol’'s iodine solution and scored for the
number of fully developed infective stage larvae (L3) present in
each well. Each treatment was conducted in at least triplicate and
controls for water and/or ethanol (20%) were included in each
assay as required.

Adult motility assays: The effects of cyclotides on the adult stages
of H. contortus were assessed by observing the degree of motility
shown by worms over a period of exposure to the peptides in
vitro.?” The cyclotides were added at various concentrations to
assay tubes containing adult worms and the tubes were kept at
37°C. Each compound was tested in triplicate. At 24 h intervals,
the worms were observed and their degree of motility was scored.
The assay tubes were placed onto a warm tray, and tubes were
held individually near a light for assessment of motility. Each tube
was swirled to thoroughly disturb the nematodes and was scored
according to the degree of motility shown by the worms using the
scoring system described by O'Grady and Kotze.?* Briefly, the
worms were scored as: 3: most individuals showing significant
smooth sinusoidal motion, similar to motion at the start of the cul-
ture period; 2: significant movement shown by a small number of
individuals, at least one individual able to move in a normal sinu-
soidal fashion; 1: only very limited movement in a small number of
individuals, no sinusoidal motion; 0: no movement.

Calculations and statistical analysis: The percentage inhibition of
larval development was calculated by using Equation (1):
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% inhibition = (A—B)/A x 100 1)
where A is the number of larvae that had developed into the L3
stage (LDA) in control incubations, and B is the number of L3
larvae in incubations that contained different concentrations of
cyclotides. To provide parameters for comparison of the test com-
pounds, we calculated the concentration at which 50 and 99% of
larvae failed to achieve full development to L3 larvae as ICs, and/or
ICy values. The larvicidal 1Cs, and 1Cy, values were calculated by
using nonlinear regression (sigmoidal dose-response, GraphPad
Prism). In order to determine whether there was significant varia-
tion between the different cyclotides tested, the 95% confidence
intervals (Cls) were calculated. The ICs, and IC,, values were consid-
ered to be significantly different if their 95% Cl values did not
overlap.
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A Sequential Assignment Procedure for Proteins that have
Intermediate Line Widths in MAS NMR Spectra: Amyloid

Fibrils of Human CA150.WW2

Johanna Becker,” Neil Ferguson,™ Jeremy Flinders,™ 9 Barth-Jan van Rossum,

Alan R. Fersht,”™ and Hartmut Oschkinat*?

The second WW domain (WW2) of CA150, a human transcrip-
tional activator, forms amyloid fibrils in vitro under physiological
conditions. Based on experimental constraints from MAS NMR
spectroscopy experiments, alanine scanning and electron micro-
scopy, a structural model of CA150.WW2 amyloid fibrils was cal-
culated earlier. Here, the assignment strategy is presented and
suggested as a general approach for proteins that show inter-
mediate line width. The "C°C correlation experiments were
recorded on fully or partially C-labelled fibrils. The earlier
'3C assignment (26 residues) was extended to 34 of the 40 resi-
dues by direct *C-excitation experiments by using a deuterated

Introduction

A number of largely unrelated peptides and proteins oligomer-
ise and aggregate in vitro and in vivo to form a range of
insoluble fibrillar structures. A subset of these proteins, in-
cluding a synuclein and the AP peptides, which are involved in
Parkinson’s and Alzheimer's disease, respectively>® forms
what has become known as amyloid fibrils. Amyloid fibrils
appear to be a common manifestation associated with, but
not necessarily causal in, the progression of a range of serious
diseases collectively known as amyloidoses (e.g., haemodialy-
sis-related amyloidoses or immunoglobulin light-chain deposi-
tion) or spongiform transmissible encephalopathies (e.g.,
nvCJD, BSE).™" Currently, there is great interest in the mecha-
nisms by which these fibrils form, whether fibrils or oligomeric
precursors are toxic and in the structures of relevant conforma-
tional states. A better understanding of the origins of these
“aggregation” diseases could, perhaps, lead the way for de-
signing more effective therapeutic strategies.

Whilst the exact role of amyloid fibrils in disease states ap-
propriately remains a matter of conjecture,*® they are none-
theless choice subjects of enquiry since they constitute an ap-
parent endpoint in terms of molecular aggregation. Until very
recently, however, it was necessary to use low-resolution tech-
niques to characterise amyloid fibrils since their large size (typi-
cally >MDa) prevented the use of solution NMR spectroscopy,
and the problems in generating single crystals made it ex-
tremely difficult to obtain high-resolution information by using
standard diffraction techniques. By using low-resolution tech-
niques, it has become clear, however, that unrelated amyloido-
genic peptides display common structural properties: they
have a diagnostic cross  diffraction pattern with a characteris-
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[a]

sample that showed strongly improved line width. A 3D HNC-
TEDOR (transferred-echo double-resonance) experiment with deu-
terated CA150.WW2 fibrils yielded 14 amide nitrogen and proton
resonance assignments. The obtained chemical shifts were com-
pared with the chemical shifts determined with the natively
folded WW domain. TALOS (Torsion angle likelihood obtained
from shift and sequence similarity) predictions confirmed that,
under physiological conditions, the fibrillar form of CA150.WW2
adopts a significantly different [ structure than the native WW-
domain fold.

tic 4.7 A reflection, which is consistent with a structure that
contains repeated [} strands arranged perpendicular to the
long axis of the fibril; when examined by electron microsco-
py, fibrils are usually unbranched and can be many microns in
length;” the periodicity of the P structure in fibrils causes
them to interact with the histological dyes Congo Red and
Thioflavin T,%% which gives rise to diagnostic spectroscopic
properties after sample staining.

Recent advances in crystallographic techniques have, how-
ever, yielded higher-resolution information about the underly-
ing structures of amyloid fibrils. The crystal structures of short
peptides (QNNQQNY and NNQQNY) derived from the yeast
prion protein, Sup35, were recently determined by using mi-
crocrystals and extremely narrow synchrotron beams. Fibrils
formed from these short peptides contain parallel in-register
intermolecular {3 sheets."” Each B sheet interacts closely with a
second sheet that is antiparallel to the first one, such that the
side chains of each sheet interdigitate, and the 3 sheets are
translated by half a strand along the long axis of the fibril with
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respect to each other. This interaction is termed a steric zipper
and is proposed to form the structural core of amyloid fibrils."”
Recently, similar arrangements were found in a number of dif-
ferent short peptides derived from several amyloidogenic pro-
teins.™

Magic-angle spinning (MAS) NMR is emerging as the tool of
choice for characterising structures of amyloid fibrils when
these prove refractory to crystallisation (i.e., the majority of
known amyloidogenic peptides or full-length proteins). Large
B-sheet regions were found for fibrils formed by AB(1-40),"?
AB(1-42),"¥ the K3 peptide from B, microglobulin,™ HET-s-
(218-289),">' TTR,"" « synuclein™' and the islet amyloid
polypeptide,® by using MAS NMR spectroscopy chemical-shift
analysis or hydrogen—deuterium exchange in combination
with solution state NMR spectroscopy. MAS NMR spectroscopy
studies of AB(1-40) also revealed side-chain interactions of res-
idues in different 3 sheets and these were used to build a
structural model.">?" However, a different register was found
for AB(1-42) by mixing of several variants."® The monomeric
subunits of fibrils formed by the 22 residue K3 peptide of
[, microglobulin have two f-sheet regions connected by a
loop. A number of side-chain contacts between the 3 sheets
was observed; this enabled the calculation of a structure.'”
For HET-s(218-289) four f3-strand regions were determined,
and found to form two B hairpins.'”

A wide range of line widths is observed in MAS NMR spectra
of different amyloid fibrils depending on their structural homo-
geneity and their dynamic properties. Fibrils formed by the
prion protein HET-5(218-289) or o synuclein yield spectra in
which signals from parts of the molecule show favourable,
narrow line widths that simplified *C and N resonance as-
signments."'® In contrast, fibrils formed by AB(1-40) showed
very broad lines, which made it necessary to employ selective
labelling strategies in order to achieve assignments.? Relative-
ly broad lines were also observed in spectra of the 22 residue
K3 peptide of {3, microglobulin."

The number of amyloid systems for which structural infor-
mation on a molecular level could be obtained so far is thus
small. To develop a general picture of amyloid structures it is,
therefore, desirable to study more amyloid fibrils and to find a
way to extract information from MAS NMR spectra that show
broad signals. Here, we demonstrate an approach that allows
the assignment of MAS NMR spectra of samples that yield in-
termediate line widths. The resonance assignment can directly
be used to determine the (-strand regions in amyloid fibrils
from torsion angle likelihood obtained from shift and se-
quence similarity (TALOS) predictions. Often, this might already
be of great value since this kind of analysis can be used to de-
termine experimentally the residues responsible for aggrega-
tion. Further, the assignment is a prerequisite for the detection
of long-range distance constraints that define the tertiary
structure.

The second WW domain of the human transcriptional activa-
tor CA150, CA150.WW2, is identical to the murine FBP28
WW domain,”? which, in its native fold, forms a three-stranded
antiparallel B sheet in microseconds.”>**! However, CA150.WW?2
can also form amyloid fibrils under physiological conditions.?”

ChemBioChem 2008, 9, 1946 — 1952
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In an earlier study we presented a structural model of these fi-
brils based on alanine scanning, electron microscopy and MAS
NMR spectroscopy long-range distance constraints. In this
study a construct comprising the 37 residue WW domain and
three residues from an N-terminal extension was used. Ca and
CP resonance assignments of 24 of the 40 residues were ob-
tained.” The MAS NMR spectra of these fibrils showed inter-
mediate line widths that hindered the use of standard assign-
ment strategies that employ backbone walks based on NCA/
NCACX and NCO/NCOCX spectra of °N- and uniformly or parti-
ally "*C-labelled samples.'®** To circumvent this problem, a
novel assignment strategy was used that relied instead on the
mixing-time dependence of intra- and inter-residue cross-
peaks in °C spectra of differently labelled samples: a uniformly
3C,N-labelled sample (u-CA150.WW?2), and preparations made
from "NH,Cl and 2-"*C-glycerol (2-CA150.WW2) or 1,3-*C-glyc-
erol (1,3-CA150.WW?2) as the sole nitrogen and carbon sources,
respectively. Furthermore, spectra recorded on a ?H,"C,"”N-la-
belled sample (d-CA150.WW?2) displayed improved line widths.
Here, this novel assignment strategy is outlined together with

chemical shift 1*C / ppm

sz:rzaK1 2M0K32 5 50
L26 .W%ﬁ?hd
P o | R2AE55Q35
DI5 o037 60
V6  @—p33
Y 13 70
J’Tm4!5?%pq .o
70 60 50 40 30 20

chemical shift >C / ppm

Figure 1. Aliphatic region of '*C-"3C correlations. The signal sets of serine,
threonine, proline and alanine residues are indicated: A) u-CA150.WW2,
20 ms PDSD, 900 MHz, 10.5 kHz MAS, B) d-CA150.WW?2, 1.2 ms RFDR,

900 MHz, 20 kHz MAS, Ca-Cf correlations are annotated.
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the results from direct C excitation experiments on d-
CA150.WW2, which enabled the identification of residues from
the N- and C-terminal regions. This sample was further used in
a 3D HNC-transferred-echo double-resonance (TEDOR) experi-
ment, which confirmed the "*C assignment and yielded 'H and
>N assignments. The determined chemical shifts were analysed
by using TALOS to obtain secondary structure information, and
were compared to the chemical shifts of the natively folded
WW domain, which were determined on the same construct
by solution NMR spectroscopy.

Results and Discussion

MAS NMR spectra recorded with the fibrils formed by
CA150.WW2 are highly reproducible with respect to different
preparations and do not change over time (up to

H. Oschkinat et al.

A problem occurred concerning the identification of the ty-
rosine and asparagine spin systems. In several spectra we ob-
served signs of multiple signals for the tyrosines. A sample
containing u-"*C,”N glycine and alanine, and 2,3-"*C,”N phe-
nylalanine and tyrosine, showed more than seven maxima in a
Co-Cp cross-peak conglomerate in which only signals from
the phenylalanine and three tyrosines are expected. In all spec-
tra, multiple Ca-Cf3 signals occurred for N22 and N23, and
peak doubling was observed for T3 and S28.

To establish sequential assignments, PDSD spectra with
longer mixing times were recorded. The spectra on protonated
samples that employed 100 ms mixing times allowed Ca-Ca
cross-peaks to be observed (Figures2A, C and D). At this
mixing time, no sequential correlations were observed in CP-
PDSD spectra from the deuterated sample. At a mixing time of

two years). CP-PDSD (cross-polarization proton-driven
spin-diffusion) spectra of u-CA150.WW2 showed
barely resolved cross-peak patterns, for example, for
threonine, serine, proline and alanine residues (Fig-
ure 1A). PDSD spectra recorded under the same ex-
perimental conditions (10.5 kHz MAS, 900 MHz, 20 ms
mixing) with d-CA150.WW?2 fibrils, which were
formed in 100% H,O (labile sites were thus protonat-
ed), showed better resolved cross-peak patterns. Im-
proved line widths were observed in all spectra re-

corded with this sample; this was probably due to

the reduction of the dipolar couplings concomitant
with deuteration, together with possible variations in
the dynamic behaviour of the protein. This is in con-
trast to observations with nanocrystalline ubiquitin,®
which yields well resolved and efficiently proton de-
coupled C spectra that do not improve upon deut-
eration.

To our surprise Co-Cf} cross-peaks were observed
in the PDSD spectrum at short mixing times. They
occur because the PDSD transfer is most efficient in

chemical shift *C / ppm

T
[$)]
o

R24/L26725 60

&" EIOT?

57 » - 70

the vicinity of back-exchanged protons—the amide T
protons and side chain OH, NH and NH,. For most

amino acids the complete cross-peak pattern was ob-

served by using 100 ms PDSD mixing. Figure 1B

shows a spectrum of d-CA150.WW2, which was re- E)
corded by using direct carbon excitation, 20 kHz MAS
spinning and 1.2 ms RFDR (radio frequency driven re-
coupling). At this short mixing time cross-peaks
occur mainly between carbon atoms separated by
one bond.

To start the assignment procedure, spin systems
were assigned to specific residue types based on the
labelling pattern expected for samples prepared by
using "*C-labelled glycerol as carbon sources.*" This
also helped to simplify the sequential assignment
since seven residues occur only once in the sequence
of CA150.WW2 Y19F. The well resolved spectra from
the deuterated sample were subsequently used to
validate and complete the set of spin systems.
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Figure 2. The Ca-Ca region of the differently labelled samples. Ca-Ca correlations are
annotated in the spectra of the glycerol labelled samples: A) u-CA150.WW2, 100 ms
PDSD, 900 MHz; B) d-CA150.WW?2, 400 ms DARR, 900 MHz; C) 2-CA150.WW2, 100 ms
PDSD, 700 MHz; D) 1,3-CA150.WW2, 100 ms PDSD, 700 MHz; E) labelling pattern of the
glycerol-labelled samples: red and green correspond to the degree of labelling in 2-
CA150.WW?2 and 1,3-CA150.WW2, respectively, arrows indicate correlations that can be
observed in panels C) and D).
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400 ms, despite the low abundance of 'H in this sample, many
sequential contacts were nonetheless observed (Figure 2B).

In contrast to the uniformly labelled samples, spectra of 2-
CA150.WW2 and 1,3-CA150.WW2 only showed Ca-Ca contacts
when neighbouring Ca atoms were labelled. This systematic
dilution of spins provides better resolved spectra and im-
proved Co-Ca transfer, hence many Ca—-Ca cross-peaks were
observed by using 100 ms PDSD mixing time (Figure 2C-E).
Strong cross-peaks between neighbouring residues are expect-
ed when they have a pure (e.g., alanine, serine) or nearly pure
(lysine or glutamic acid) labelling pattern at the Ca site. Ac-
cordingly, the spectra of 2-CA150.WW2 and 1,3-CA150.WW?2
were expected to contain eight and nine strong Ca-Ca cross-
peaks, respectively (Figure 2E).

Several sequential correlations were evident in the spectra
of 2-CA150.WW?2 (Figure 2C). The cross-peaks G1A2, A4V5,
V556 and G16K17 were easily identified, as the chemical-shift
differences of the corresponding Ca signals were quite large.
In addition, some pairs with one or two residues partially la-
belled in the Ca position gave rise to cross-peaks: (A2/A4)T3,
K12T13, T13A14, A14D15 and K17T18. For the proline residue,
a cross-peak between K32a and P330 was observed. An addi-
tional cross-peak at 52.2 and 57.6 ppm in the direct and indi-
rect dimensions, respectively, was observed that could not be
assigned to a sequential contact and was therefore assumed
to be a long-range contact (A2-S28). The expected correlations
Y11K12, F19Y20, Y20Y21 were not observed, primarily as a con-
sequence of spectral overlap of Ca resonances and the hetero-
geneous appearance of the tyrosine residues. The first two res-
idues (G—2,5—1) did not give rise to signals in the spectra of
the protonated samples.

Evaluation of the Co-Ca region in the spectra of 1,3-
CA150.WW2 allowed mainly hypotheses for resonance assign-
ments (Figure 2D). In combination with other signals the ob-
served Co-Coa correlations yielded the assignments T9E10,
N23R24, R24T25, T25L26. The Ca chemical shifts of T9, T25 and
E10, R24, L26 were very similar and caused spectral overlap.
The cross-peaks N22N23 and L26E27 were expected to be very
close to the diagonal. No Ca—-Ca correlations were observed
for P33Q34, Q34E35, E35L36 because these C-terminal residues
of the protein apparently exhibited increased mobility com-
pared to the remainder of the sequence (see below).

Further sequential correlations between amino acids were
identified by employing longer mixing times (100-400 ms).
CB-CP, Ca-Cy and CP-Cy cross-peaks were only interpreted as
sequential when they occurred in conjunction with sequential
cross-peaks of the type discussed above.

A benefit of the deuteration is a better resolution of the
cross-peak pattern. In addition, serine and threonine residues
showed an efficient PDSD transfer due to the side chain OH,
which led to a large number of important correlations at
longer mixing times.

Spectra of the deuterated sample recorded with direct *C
excitation showed a group of residues with narrow and intense
lines, which were difficult to observe in CP-MAS spectra. The
identity of these residues (Q, E, L, K) were consistent with their
being part of the C terminus (Q34E35L36K37). This hypothesis
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was further supported by the up-field shift of the K37-CO reso-
nance, the free COO™. An increased mobility of this part of the
protein could explain the appearance of the signals in direct
excitation spectra as well as the absence of the expected inter-
residue cross-peaks in CP-PDSD spectra.

The combined analysis of all samples led to the assignment
of 35 of 40 Ca and 30 of 37 CP resonances. Further, several CO
(25 of 40) and many side-chain resonances could be assigned
(Table 1). Chemical shifts taken from the spectra of the deuter-
ated samples (Table 1, footnote [a]) were corrected for the
isotope effect: Ca(Gly) 0.4 ppm, Ca (all other amino acids)
0.3 ppm, CB (CD, group) 0.5 ppm.B? After this correction, only
few chemical shifts from the deuterated sample deviated by
more than 0.5 ppm from the corresponding value of the pro-
tonated samples (Table 1, italicised values).

To confirm the assignment and to determine amide nitrogen
and proton chemical shifts, a 3D HNC-TEDOR experiment was
recorded. This experiment was tailored for our purposes based
on the pulse sequences of Michal and Jelinski® and Jaroniec
et al®¥ (see the Experimental Section). Fourteen amide nitro-
gen and proton resonance assignments were made based on
the known CO and Ca. chemical shifts (Table 1). Figure 3 shows
slices of the spectrum of the carbonyl and Ca carbon regions
at a proton frequency of 9.3 ppm with annotated cross-peak
assignments.

The program TALOS was used to predict residue-specific tor-
sion angles and therefore secondary structure. In a first TALOS
run the chemical shifts from Table 1 were used, excluding T3
and S28, which showed peak doubling. The results were
deemed acceptable when at least two of the five resonances
used by TALOS (HA, N, C, CA and CB) were assigned for the
corresponding residue, and >9 out of 10 TALOS predictions
were in good agreement. For most residues, the predicted di-
hedral angles matched the (-sheet region of the Ramachan-
dran plot (Figure 4A, filled symbols). In a second TALOS run
further predictions (Figure 4A, open symbols) were obtained
by taking triplets into account for which the central residue
had only one assigned site (W8, W30, E31) or for which the
chemical shifts were deduced in other ways. Specifically, the
chemical shifts of the Y/F Coa-Cf peak conglomerate (Fig-
ure 1B) ranged from 55 to 57.5 ppm and 42 to 45 ppm, respec-
tively; this indicates a [-strand conformation for all tyrosines
when compared to the TALOS random-coil values of 58.1 and
38.8 ppm for the Ca and the CP tyrosine resonances, respec-
tively. Since the tyrosine Co-C[3 cross-peaks are close together
and well within the pB-strand chemical shift region (Figure 1B),
the values that correspond to the centre of the cross-peak
area (56.3 and 43.9 ppm) were used for TALOS analysis. On the
basis of the assigned Ca resonance of N23 the two strongest
asparagine Ca-Cf3 cross-peaks at 51.1-41.5 ppm and 52.3-
45.2 ppm in the 1,3-CA150.WW2 20 ms PDSD spectrum were
assigned to N22 and N23, respectively.

Residues in the N-terminal tag, the C terminus and residues
A14-G16 yielded inconsistent predictions. Therefore, we con-
clude that two long f strands are present that range from A4
to T13 and from K17 to K32. These are connected by a loop
region, which corresponds well to the somewhat broader lines
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Figure 3. The 2D slices of the HNC-TEDOR experiment at a proton frequency
of 9.3 ppm, showing: A) the carbonyl, and B) the Ca region; assigned cross-
peaks are annotated.
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Table 1. Resonance assignment of CA150.WW2 Y19F in its fibrillar form. observed f'or these residues
(A14-G16) in CP-MAS spectra.
Residue H N C Ca cp Cy cd Ce/CC |  The occurrence of multiple sig-
G—2 169.9% 436 nals observed for residues Y11,
S—1 173.6 55.90! 64.5% Y20, Y21, N22 and N23 can be
[al . . .
Mo 1745 54.9 354 311 172 1 explained by different orienta-
G1 7.92 108.6 171.3 46.3 . £ th ic side chai
A2 B.66 1245 1770 521 28 tions o e. aroma.mc side chains
. 9.40 17.6 172.7 62.3 73.7 21.8 of the tyrosine residues.
72.2 20.58 The obtained predictions were
A4 9.90 131.0 175.9 52.1 227 compared to the TALOS results
V5 9.54 126.7 175.2 60.9 34.5 19.7/18.8 th tivelv-folded
s6 928 1238 1732 56.8 656 on the natively-tolded, mono-
E7 56.1 meric u-CA150.WW2. Figure 4B
ws 30.4° shows the three {3 strands of the
E’O 1732 2;‘13 ;l? iz; - WW fold:  W8-K12, K17-N22,
- - ’ ’ ' $28-K32. This corresponds well
K12 175.00 546 37.0 25.5 29.7 422 to the structure determined by
T13 9.24 1134 173.5 593 713 20.0 Macias et al.®*
Al4 8.00 1258 175.9 525 21.6 The chemical-shift analysis
D15 55.2 39.8 180.9 firmed that the structural
G16 8.15 1086 1746 449 confirme at the structural ar-
K17 7.92 125.1 176.5% 552 33.9 25.1 297 42.1 rangement in native and fibrillar
T18 9.01 122.2 171.9 62.3 722 21.8 forms of CA150.WW?2 is different
F19 9.64 129.9 17227 562" 432 1386" despite the fact that both have
Y20 .
a1 high B-sheet content. The largest
N22 difference in the predictions was
N23 523 found for the N terminus and
R24 249 34.5 273 437 1596 | residues R24-E27. These regions
T25 173.2 60.9 71.8 21.8 d |
126 551 422 575 22.6/21.7 are unstructured or are loop re-
E27 174,09 55.0 343 366 183.6 gions in the native WW-domain
28 8.84 1159 1735 575 67.0 fold, but are part of a 3 strand in
[a] . .
173.9 27.0 65.5 the amyloid fold. The repeating
T29 173.2 61.1 71.9 21.7 it of the fibrillar f .
W30 30,45 unit of the fibrillar form contains
E31 56.2 two long fstrands (f1 and B2
K32 9.21 130.3 53.7 345 25.0 29.8 42.2 are 10 and 16 residues long, re-
P33 176.6 62.9 326 27.3 50.9 spectively). By contrast, the
Q34 175.9% 56.1 29.9 34.0 180.4 ive fold h h d
E35 176.19 56.4 306 36.3 183.8 native fold has three [ strands
3L6 55,20 422 26.9 25.1/23.6 that are much shorter. Both
K37 181.1 57.6 33.9 24.3 structures, however, have simi-
Chemical shifts were determined to an accuracy of +0.2 ppm, values with lower certainty are underlined. larly unstructured regions: resi-
[a] Chemical shifts that were determined with the deuterated sample only; for italic values the corresponding dues A14-G16, which corre-
chemical shifts determined on the deuterated sample deviate by more than 0.5 ppm from the given value. The spond to the flexible first loop
sequence numbering used corresponds to the scheme used in the work of Macias et al.> region of native WW domains 136
’

and the C-terminal residues

(Q34-K37).

Conclusions

By employing a novel strategy, the usage of a few differently
labelled samples enabled the '*C-resonance assignment of
CA150.WW?2 in its fibrillar form. In addition, a 3D HNC-TEDOR
experiment led to the assignment of 35% of the amide nitro-
gen and proton resonances. Based on this strategy, a partial
3C assignment of CA150.WW2 allowed the identification of
long-range correlations in an earlier study, which were used in
combination with mutagenesis data and electron microscopy
to build a structural model of CA150.WW?2 fibrils.”! The pre-
sented "*C-assignment strategy is based on double resonance
MAS NMR spectroscopy experiments of high sensitivity and
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Figure 4. TALOS analysis for each residue: 1 dihedral angle (blue), ¢ dihedral

angle (red), inconsistent predictions (green). A) CA150.WW?2, fibril,

B) CA150.WW?2, native fold. Open symbols indicate predictions from ambigu-

ous chemical shifts.

should be generally applicable to solid protein prepa- #,
rations that give intermediate line width or low

2,3-"3C,*N-tyrosine.

Approximately
15 mg of each preparation was centrifuged and transferred to a 4
or 3.2 mm ZrO, MAS rotor.

3C,"*N-phenylalanine  and

MAS NMR spectroscopy: '>C-">C correlations were recorded at a
nominal temperature of 285 K by using either a Bruker AV900 or
AV700; both were equipped with 3.2 and 4 mm MAS triple reso-
nance probes. The '3C-"*C-correlations were recorded for all sam-
ples by using a spinning frequency of 10.5 kHz (900 MHz) or
10.0 kHz (700 MHz). Carbon magnetization was produced by
ramped cross polarization,*” and transferred by using PDSD or di-
polar-assisted rotational resonance (DARR) mixing during 20-
700 ms.®*** Decoupling during direct and indirect evolution was
performed at 80-85 kHz by using SPINAL-64 (small phase incre-
mental alternation with 64 steps) or TPPM (two pulse phase-modu-
lation).“**"! For the d-CA150.WW2 sample spinning at 20 kHz and
at a field of 900 MHz *C magnetization was excited directly and
magnetization transfer was achieved by radio frequency driven re-
coupling (RFDR) by using mixing times between 1.2 and 4.8 ms.*?
WALTZ-16 decoupling at 5 kHz was applied during direct and indi-
rect evolution.*?

A newly designed 3D HNC-TEDOR experiment was recorded by
using a Bruker AV600 machine, equipped with a 3.2 mm triple res-
onance probe, at a spinning frequency of 20 kHz. The pulse pro-
gram and the phase cycling are depicted in Figure 5. The sequence
started with a proton pulse and subsequent proton evolution and
relied on fast MAS for proton decoupling in the deuterated

wle
™

amounts of sample—provided that the amino acid
sequence is not highly repetitive and the protein is

¢;

relatively small (< 70 residues). v
TALOS analysis revealed that the repeating unit of
CA150.WW2 amyloid fibrils contains two long N

[ strands separated by a short loop, a situation that

< [1{0

[ I I bﬂ :

is clearly different from the native WW fold. The C-
and N-terminal residues not involved in the structural

n T

Mmooy [

n "

core of the amyloid fibril exhibited increased mobili-
ty, as detected in direct excitation '>C spectra record-
ed by using a triply labelled fibril preparation. This
sample was especially valuable due to improved line

Figure 5. The 3D HNC-TEDOR pulse sequence, solid rectangles: it/2 pulses; open rectan-
gles: m pulses; grey shapes: pulses of the CP transfer and proton decoupling (SPINAL-
64); 7: length of one rotor period: n: pulses were repeated several times. Phase cycling
was as follows: ¢p1=y —y, p2=—Xx —X =y =y X XY Y, P3=XXYY =X —X =Y =Y, Prec=X
—xy —y —x x —y y; "N pulses were phase cycled according to the xy 16 scheme,* all
other phases were x.

width observed in MAS NMR spectra; this indicates
that deuteration might help to reduce the line width
for other aggregation-prone protein sequences that
have proved refractory to characterisation.

Experimental Section

Sample preparation: All MAS NMR spectroscopy samples of the
Y19F variant of CA150.WW2 (with an N-terminal G—2S—1MO0
sequence that arises from the vector) were expressed in E. coli,
purified and fibrillised as described previously.?** Five differently
labelled samples were prepared: u-CA150.WW2 was uniformly
13C,*N-labelled; uniform "N labelling and "*C labelling based on 2-
BC-glycerol and 1,3-*C-glycerol was used in 2-CA150.WW2 and
1,3-CA150.WW2, respectively; d-CA150.WW2 was uniformly
2H,3C,”N labelled and purified in water, which resulted in 'H label-
ling at all exchangeable protons. A fifth sample was made by using
specific labelling with u-"*C,°N-glycine, u-"C,N-alanine, 2,3-

ChemBioChem 2008, 9, 1946 — 1952
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sample. Then "*N magnetisation was created by a short ramped CP,
and after °N evolution a TEDOR period with 85 kHz SPINAL-64
proton decoupling followed. The experimental design was a modi-
fied version of earlier TEDOR experiments,***? in which "*N mag-
netisation was transferred to the C nuclei by a REDOR pulse train
followed by a pair of m/2 pulses. Detectable magnetisation was
subsequently created by using a second REDOR pulse train. A total
TEDOR mixing time of 1.2 ms was applied to favour one-bond cor-
relations. Chemical shift referencing was done externally by using
the downfield signal at 31.5 ppm in adamantane.”*¥

Solution NMR spectroscopy: u-CA150.WW2 (0.8 mm) was dis-
solved in sodium phosphate (pH 7.0, 20 mm, 0.02%, w/v Na;N,
10% D,0). The 2D N-HSQC, 3D CBCA(CO)NH, 3D CBCANH, 3D
(H)CC(CO)NH-TOCSY and 3D HNCO experiments were recorded at
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285 K by using a Bruker DRX600 spectrometer equipped with a
cryo probe.

Data and chemical-shift analysis: Solid-state and solution NMR
spectroscopy data were processed by using XWINNMR 2.6 (Bruker,
Karlsruhe, Germany) or TOPSPIN 1.3 (Bruker, Karlsruhe, Germany).
Data analysis and assignment were performed by using CCPN."®
Figures were prepared by using Sparky 3.1 (T. D. Goddard, D. G.
Kneller, University of California, San Francisco, USA). Chemical-shift
analysis was done with TALOS.*”
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Rapid Hydrolysis of Quorum-Sensing Molecules in the Gut

of Lepidopteran Larvae

Matthias Funke,® Rita Biichler,” Vertica Mahobia,” Alexander Schneeberg,”

Michael Ramm,™ and Wilhelm Boland*®

Microorganisms compete for nutrients and living space in the
gut of plant-feeding insect larvae, such as Spodoptera spp. Their
physiological activities and their organization are generally con-
trolled or synchronised by “autoinducers”, such as N-acylhomo-
serinelactones (AHLs). Due to the strongly alkaline milieu in the
insect gut, the lactone ring of AHLs is rapidly and spontaneously
opened. Further degradation to the inactive components homo-
serine and the acyl moiety is then achieved by a microbial N-
acylamino acid hydrolase (AAH) and related enzymatic activities
in the insect gut. Initialised by the alkaline milieu, such activities

Introduction

All insect species are known to harbour a rich and complex
community of microorganisms in their guts and other body re-
gions. The microorganisms participate in many types of inter-
actions ranging from pathogenesis to obligate mutualism. One
reason for the microbial diversity is that different groups of in-
sects have different feeding habits; this results in different gut
structures and functions and promotes the establishment of
different phylotypes."” Whereas most of the gut microbes are
commensals or parasites, some of them play substantial bio-
logical roles for their hosts. The gut microbial community of
termites is needed for cellulose digestion,” and a gut symbiot-
ic fungus is involved in the sterol biosynthesis of anobiid bee-
tles.®! In stinkbugs a symbiotic bacterium even controls their
nymphal development.™ In other cases metabolites of bacteri-
al origin are adopted by the host insect and required for
growth or the generation of functional enzymes (cofactors).
Bacterial precursors can even serve the insect as sophisticated
signals that control behaviour; for instance, guaiacol is used by
locusts as an aggregation pheromone.” The population of the
gut bacteria is, to a certain extent, influenced by the composi-
tion and the nutritional value of the ingested food. For exam-
ple, locusts that feed on a protein-rich diet display a microbio-
ta that is different from the microbial population found in lo-
custs that feed on a low-protein but fiber-rich diet.”’ These ex-
amples clearly demonstrate that the microbial colonisation of
the insect gut is a highly dynamic process that is determined
by a multitude of factors that are not well understood. Besides
the external factors imposed by the fresh and (partly) degrad-
ed food, together with intestinal secretions of the insect, mi-
crobial exudates can principally contribute to the community
structure. Many bacteria produce autoinducers for quorum
sensing (QS) that control and coordinate their metabolic activi-
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might account for the complete absence of AHLs in the intestinal
fluid of the studied Spodoptera spp. The AHL-recognition system
of E. coli RV308pSB40, but not that of Agrobacterium tumefa-
ciens NT1/pZLR4 and Chromobacterium violaceum CV026, was
found to be inhibited by the structurally related N-acylgluta-
mines, which are abundantly present in the gut of many lepidop-
teran larvae. Our observations suggest an active role of the
insect in interfering with the quorum sensing of their gut micro-
biota by several independent strategies.

ty in communities (Figure 1). The recognition of these signal
molecules by specific receptors leads to gene-activation, con-
trolled aggregation (biofilms),”’ and metabolic activities that
produce pathogenicity factors,®® toxins,"” dyes,"" or that reg-
ulate the phenomenon of bioluminescence."” Gram-negative
bacteria mainly communicate through N-acylhomoserine lac-
tones (AHLs; 1a-d),"® A-factors 2,"¥ quinolones of the type

1 —— Spodoptera littoralis
10 | } { -=— Spodoptera eridania
H i S
PH g
' \‘\wl--it
71 ~j
foregut midgut hindgut

Figure 1. The pH profile in the gut of Spodoptera littoralis und Spodoptera
eridania; the picture shows the gut of Spodoptera littoralis.
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4" and autoinducers-2 that comprise the often boron-con-
taining dihydroxypentanediones of the type 3 from Vi-
brio spp.l'® The acyl side-chains of the AHLs range in length
from 4 to 18 carbons and vary in the substitution at the 3 posi-
tion of the acyl moiety. The differences might be considered to
be a means of diversification of the signal molecules. The com-
munication between Gram-positive bacteria mostly relies on
oligopeptides rather than AHLs." Several bacterial strains
from the gut of S. littoralis have been isolated that are princi-
pally able to produce and respond to AHLs, for example, Acine-
tobacter spp., E.coli, Pseudomonas spp., Enterobacter spp.,
Ochrobactrum spp. and Erwinia spp."*'" However, a very im-
portant factor that might have an important impact on the QS
of the bacterial communities in the insect gut is the local pH
along the intestinal tract. Many lepidopteran larvae maintain a
strongly alkaline pH in the fore- and midgut"® (Scheme 1).

o) 0 1a: R =n-C3H; to C15Hos)
o 1b: R = n-Cyabs
)J\ 1¢c: R = 3-0x0-C4Hg to C5Hyy
N R 1d: R = 3-hydroxy-C4Hg to C1oHo4
H
1a-d
O
o]
(0]
OH
2
HO (0]
(o] O
OH HoN )k
N R
H
(0]
N C;H45 R = n-C47H3q (linolenoyl)
H
4 5

Scheme 1. Selected quorum-sensing factors of microorganisms. N-Acylho-
moserine lactones (AHL) with different side-chains and functionalities: N-
acyl- (1a), N-(myristoleyl)- (1b), N-(3-oxoyacyl)- (1 c), N-(3-hydroxyacyl)homo-
serine lactone (1d), the A-factor 2-isocaproyl-3-hydroxy-methyl-y-butyrolac-
tone (2), 2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran-borate from Vibrio
harveyi (3), Pseudomonas quinolone signal 2-heptyl-3-hydroxy-4(1 H)-quino-
lone (4), N-linolenoylglutamime (5) present in the insect gut.

Because many of the QS molecules, especially the AHLs and
A-factors, possess a base-sensitive y-lactone moiety," the half-
life of such molecules might be rather limited in the different
segments of the insect gut. In addition, the gut of lepidopter-
an larvae contains high concentrations of N-acylglutamines 5
that could compete with the binding sites of the QS molecules
because of their close structural similarity®?" and high local
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concentration in the fore- and midgut. Here we demonstrate
that the various series of N-acylhomoserine lactones indeed
suffer rapid ring opening under the alkaline conditions of the
insect gut. Moreover, due to the presence of a bacterial N-acyl-
amino acid hydrolase (AAH), the ring-opened products are rap-
idly further degraded into the amino acid and fatty acid build-
ing blocks.

Results
pH profiles in the gut of Spodoptera larvae

Gut pH is important in the regulation of enzymatic reactions in
digestion, the dissociation or coagulation of ingested proteins,
the control of solubility of food components and the determi-
nation of the gut microbial flora. In particular, alkaline gut re-
gions are known from many insect orders, and a connection to
dietary preferences has been claimed.”?? In lepidoptera high
trypsin and chymotrypsin activities correlate with pH values in
the range from 7.0 to 11.0.%Y To analyse the impact of the gut
pH on the half-life of the base-sensitive y-lactone moieties of
the AHLs (Figure 1) from Gram-negative bacteria, the pH pro-
file of the gut from larvae of Spodoptera littoralis and Spodop-
tera eridania was determined by microsensors. The larvae of
S. littoralis represent a generalist herbivore, whereas larvae of
S. eridania mark a more specialised herbivore that feeds on
cotton, soybean or lima bean, the latter two of which contain
considerable amounts of cyanogenic glycosides.” The cater-
pillar gut (3rd to 4th instar) is roughly 26 mm long and can be
easily separated into four regions on the basis of key nodal
points. On an average, the foregut is about 8 mm, midgut is
about 14 mm and colon and rectum are about 4 mm each.

For both species the pH in the foregut was found to be in
the alkaline range (about pH 10+0.5). Along the gut a nearly
constant decrease in the pH up to the hindgut could be ob-
served (Figure 2). The midgut showed a moderately reduced
pH with a mean range from pH 8.75 to 8.25. In the posterior
gut sections the pH decreased strongly to values near to neu-
trality. In the colon and rectum, the pH range was 7.55 to 6.58,
descending towards the end part of the gut.

214
M+ HJ*
1001
o]
N:J\j\/u\/\
50 1 H
Irel a
102 p
113

100 120 140 160 180 200 220
miz —>

Figure 2. APCl mass spectrum of N-(3-oxo-hexanoyl)homoserine lactone.
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Screening for AHL in the gut of Spodoptera larvae

Due to the presence of a multitude of bacteria in the gut of
Spodoptera larvae,* many of which are principally able to pro-
duce and respond to AHLs, we analysed the gut segments
of S. littoralis, S. eridania and Helicoverpa armigera for these
compounds by HPLC-MS and GC-MS after derivatisation with
MSTFA.

The APCl mass spectra of the AHLs displayed the ion
[M+H]" as the base peak and displayed low-abundance frag-
ments that corresponded to the protonated lactone moiety
(m/z 102) and the acyl fragments (m/z 113) after cleavage
across the amide bond."® For common AHLs, such as N-hexa-
noyl-, N-decanoyl-, N-dodecanoyl-,N-(3-oxo-hexanoyl)- and N-
(3-hydroxy-hexanoyl)homoserine lactone the detection limit
was found to be about 5.0 pmol.

To avoid ex post formation of AHL by bacterial growth, sam-
ples from the gut were immediately sterilised by filtration
through a membrane (0.22 um). The pH was adjusted to pH 7
to prevent additional ring opening after withdrawal of the
sample from the gut. However, careful investigation of the dif-
ferent gut sectors by LC-MS and GC-MS gave no evidence for
the presence of AHL and/or their ring-opened derivatives.

Besides mass spectroscopy, AHL-sensitive reporter organ-
isms, such as Agrobacterium tumefaciens NT1/pZLR4,%*” Chro-
mobacterium violaceum CV026" and E. coli RV308pSB40,"”
were used to evaluate the presence of AHLs in the insect gut.
The detection limit was found around 5 pmol.™ In line with
the analytical findings, this approach also gave no evidence for
the presence of AHLs in the insect gut when applied to the
sterilised and pH-adjusted (pH 7) gut lumen of Spodoptera
larvae. Surprisingly, the gut lumen from insect larvae that were
fed on an artificial diet containing defined amounts of AHLs,
also gave no evidence for either intact or ring-opened AHLs.
Accordingly, additional and unknown factors must contribute
to the rapid and complete degradation of internally produced
or externally added AHL in the gut.

Stability of AHLs under alkaline conditions

AHLs of Gram-negative bacteria (Scheme 1) possess a lactone
moiety that is rather stable at neutral and slightly acidic pH,
but unstable under basic conditions."* The ring-opened
product, namely the corresponding N-acylhomoserine is be-
lieved to lack biological activity.”” To judge the dynamics of
the AHL cleavage along the larval gut, the stability and the
half lives of various classes of AHL were determined by alkaline
hydrolysis at different pH values. The progress of the hydrolysis
was monitored and quantified by HPLC-MS. During the re-
action, the intensity of the quasimolecular ion [M+H]* of the
AHLs continuously decreased, but the intensity of the quasi-
molecular ions of the corresponding ring-opened products
[M+H,0]1" increased. As expected, the AHLs with saturated
acyl moieties proved to be more stable with a half-life time of
17.5 min at pH 10 and of 5 min at pH 11, which was deter-
mined for the very common N-hexanoylhomoserine lactone.
AHLs that carry an oxygen function in the [} position of the
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fatty acid chain proved to be much more sensitive (Table 1).
The N-(3-oxo-acyllhomoserine lactones were not only rapidly
hydrolysed, but, in addition, suffered a rearrangement to tetra-
mic acids at a ratio of 2:1, in advantage of tetramic acids. For
example, N-(3-oxo-hexanoyl)homoserine lactone was predomi-
nantly converted into [4-(1-hydroxybutylidene)-5-oxo-pyrroli-
din-2-yll-acetic acid, which can be considered to be a product
of an intramolecular Claisen-type condensation (Scheme 2).5”

Table 1. Half-life times of C;-homoserine lactones under alkaline condi-
tions.
AHL t,,, [min]
pH9 pH 10 pH 11
N-hexanoylhomoserine lactone - 175 5
N-(3-hydroxyhexanoyl)homoserine lactone 23 1 4.5
N-(3-oxo-hexanoyl)homoserine lactone 17 4.5 3
O
HO O O
HO A M~
N
H

HO NH

H
4 (0]

Scheme 2. Ring opening of 3-oxo-hexanoyl-HL and formation of tetramic
acids.

The ring-opened aliphatic N-acylhomoserines proved to be
rather stable in the pH range 8-11 and did not suffer further
cleavage into the building blocks homoserine and hexanoic
acid to a significant extent. Accordingly, other and additional
factors that must be present in the insect gut are responsible
for the complete degradation of AHL described above.

Enzymatic degradation of ring-opened N-acylhomoserines

An important factor that determines AHL stability in a microha-
bitat, such as the insect gut, is the biologically-driven signal
degradation. Such phenomena are particularly important for
multispecies environments. AHL degradation is mainly ach-
ieved via two different pathways. Lactonases” open the lac-
tone ring, similar to the spontaneous reaction in the alkaline
medium, and acylases/hydrolases®" cleave the amide bond be-
tween the ring and the side-chain.

Recently we characterised an N-acylamino acid hydrolase
(AAH) from Microbacterium arborescens that was previously iso-
lated from the gut S. exigua larvae.®? This type of hydrolytic
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activity appears to be rather widespread in insect gut bacteria
and might account for the rather rapid degradation of the N-
acylglutamines within the posterior segments of the digestive
system B3

AAH catalyses the cleavage of N-linolenoylglutamine and
several other N-acylglutamines that are abundantly present in
the gut of lepidopteran larvae.®? Although the enzyme rapidly
cleaves long and medium-chain N-acylglutamines, it does not
attack the intact, cyclic N-acylhomoserine lactones (Table 2).

Table 2. The K, values for enzymatic degradation of N-acylhomoserines
by the N-acylamino acid hydrolase (AAH) from Microbacterium arbores-
cens.

N-Acylamino acid K., [umol L'
N-linoylglutamine 36
N-hexanoylhomoserine 434
N-hexanoylhomoserine lactone no reaction
N-decanoylhomoserine 447
N-dodecanoylhomoserine 1253

On the other hand, we observed that AAH efficiently cleaved
the amide bond of the ring-opened N-acylhomoserines lac-
tones to yield homoserine and the corresponding short-chain
fatty acid (Scheme 3). To estimate whether or not the catalytic

HO___O HO___O
% AAH from
)J\/\/\ M. arborescens
N NH, o
H H0

HO HO +

hydrolase (AAH) from Microbacterium arborescens.

efficiency of AAH would be sufficient to cleave the
ring-opened homoserine lactones in the alkaline fore-
and midgut of the insects, we determined the Mi-
chaelis-Menten constants (K,,) of AAH for the cleav- T
age of different N-acylhomoserines. rel.

According to Table 2 the K, values for the hydroly-
sis of ring-opened homoserine lactones is of the
same order as the K, value for the cleavage of the
long-chain N-linolenoylglutamine by AAH.B? The high
K, for the C,,-homoserines (C,-HL) is due to the
rather low solubility of the compound.

NN

Scheme 3. Hydrolysis of ring-opened N-hexanoylhomoserine by the N-acylamino acid

bioloumin. 0.4

W. Boland et al.

O._OH O, _OH

B W

HN HN
R_\é OH R_‘g NH

N-acyl-L.-homserine N-acyl-L-glutamine

Scheme 4. Structural similarity of acyclic N-acylhomoserines and N-acylgluta-
mines that are present in the insect gut.

from the gut lumen (regurgitate) or to N-linolenoylglutamine
in concentration that resemble those in the insect gut. Thus,
addition of buffered N-Cg-HL (100 pgmL™") to the bacterial cul-
ture led to bioluminescence within a few minutes. However,
repetition of the experiment in the presence of regurgitate
(50 uL) from S. littoralis resulted in a significant reduction of
the effect; this indicates that compounds are present in the
insect gut that interfere with the E. coli AHL-recognition
system. Owing to the structural similarity of N-linolenoylgluta-
mine with ring-opened N-Cg-HL (Scheme 4) we tested next N-li-
nolenoylglutamine at a concentration of 100 ugmL™', which
corresponds to the natural concentration in the gut of Spodop-
tera larvae.?"

As shown in Figure 3, the addition of the N-linolenoylgluta-
mine reduced the bioluminescence to a similar extent as the
regurgitate. After treatment of the gut fluid by an ion
exchange resin (Dowex 50WX8-200), which removes
the N-acylglutamines and other basic compounds,®?
the bioluminescence of the E. coli system was no
longer affected; this suggests that the N-acylgluta-
mines might be responsible for this effect. No inter-
ference of the N-acylglutamines was observed with
the quorum-sensing systems of the reporter strains
Agrobacterium tumefaciens NT1/pZLR4 or Chromobac-
terium violaceum CV026.

1.0 I
\ O buffer

> §§ N-hexanoylhomoserine
06 % lactone

%’ N-hexanoylhomoserine
N lactone

02

7
7

+ regurgitate
+ N-linolenoylglutamine

7

Figure 3. The effect of N-acylglutamines and insect regurgitate on the bioluminescence
of E. coli RV308pSB40 was stimulated by N-hexanoylhomoserine lactone. The effect of

A) insect regurgitate and B) N-linolenoylglutamime on the bioluminescence of the E. coli
reporter system. Data were normalised with respect to the effect of N-hexanoylhomoser-

Interference of N-acylglutamines from the insect
gut with quorum sensing in E. coli

The close structural similarity of the N-acylglutamines

(Scheme 4) and the ring-opened N-acylhomoserines prompted
us to look for cross-reactions between the AHL recognition
system and the N-acylglutamines, which are highly abundant
in the front parts of the insect gut.”>?" To test for potential
cross-reactions, E. coli RV308pSB40 was exposed to liquids
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ine lactone; relative bioluminescence (rel. biolumin.): 1.

Discussion

Amongst the physicochemical parameters in the caterpillars’
gut, the pH has long been an object of attention and analysis.
It is well known that the hydrogen-ion concentration is a regu-
lating factor for enzymatic reactions, solubility and dissociation

ChemBioChem 2008, 9, 1953 - 1959
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or coagulation of ingested proteins, and the determination of
gut flora.?? For example, at pH values greater than pH 9 some
enzyme-tannin complexes might not form; this would prevent
disruption in insect digestion and immobilise gut enzymes by
unspecific blockage of active sites.*” The insect gut is hub to a
consortium of bacterial species?***3® and in larvae of Spodop-
tera littoralis and Spodoptera eridania that are fed on an artifi-
cial diet,® these numbers exceed the range of 10" mL™" (V.M.,,
unpublished data). The AHLs that are generally used by various
members of the gut community are likely to be affected by
the insect gut environment. Studies on N-(3-oxo-hexanoyl)ho-
moserine lactone produced by Erwinia species showed that
under stationary growth-phase conditions, the compound’s
concentration starts to diminish when the alkalinity of the cul-
ture increases to pH 7.0 or higher due to bacterial growth." In
another biochemical investigation by using *C NMR spectros-
copy, it was found that ring opening of homoserine lactone
(HL), C5-HL and C,-HL increased as the pH increased. By acidify-
ing the growth media to pH 2.0, lactonolysis could be re-
versed.”® Screening of the regurgitate by using LC-MS as well
as by using the reporter strains A. tumefaciens NT1/pZLR4, C. vi-
olaceum CV026 and E. coli RV308pSB40 provided no evidence
for these compounds. Even after ingestion of the N-Cg-HL
along with the food, the compound could not be found in the
intestinal fluid of the insect; this suggests a rapid and irreversi-
ble degradation of the compound in the insect gut. According-
ly, the strongly alkaline pH, especially in the foregut of Spodop-
tera larvae, could represent a key factor that controls the sta-
bility of the AHL, their formation and also their degradation by
subsequent enzymatic reactions. Rapid degradation of the N-
acylglutamines in the gut fluid has been also described for the
tobacco hornworm, but the origin of this activity has remained
unsolved."” In this context, the recently isolated and character-
ised N-acylamino acid hydrolase (AAH) from M. arborescens,
which was isolated from the gut of S. exigua®? might represent
a key factor. Because the ability to cleave N-acylglutamines ap-
pears to be very widespread among gut bacteria,*>*" the ac-
tivity of the corresponding AAH’s from the microbial popula-
tion of the insect gut might be sufficient to explain the com-
plete hydrolysis of homoserine lactones. Because AAH does
not cleave intact AHLs, a two-step sequence has to be postu-
lated. First, the strongly alkaline conditions of the fore- and
midgut open the lactone moiety within minutes, and, second,
hydrolytic enzymes of the type of AAH cleave the AHLs into
the free amino- and fatty acid building blocks. The situation is
different in the less alkaline area (pH about 7.0-8.0) of the
hindgut, but even there no AHLs were found by analytical
methods. In addition to the described scenario other microbial
enzymes, such as the AHL lactonases,” might be operative.
These enzymes catalyse the ring opening of the lactones, and,
therefore, have the same effect as the alkaline pH. Lactonases
and other quorum-quenching enzymes benefit the producing
microorganism in their fight for nutrients and living space, es-
pecially in a highly competitive environment such as the insect
intestine.

In questioning the biological significance of these observa-
tions, one may speculate that the insect requires the quorum-
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quenching cascade to control the metabolic activities of its gut
microbiota. Because AHLs often promote the formation of bio-
films,*? the secretion of siderophores,“¥ antiobiotics®! or pro-
teolytic enzymes,"* the suppression of this microbial commu-
nication system might benefit the insect by avoiding or reduc-
ing detrimental metabolic activities. The inhibitory effect of
small amounts of N-linolenoylglutamine on the quorum-sens-
ing system of E. coli RV308pSB40 might support this view. Due
to their structural similarity to AHL and due to their high con-
centration in the insect foregut (200 pgmL™") these com-
pounds might interfere with AHL reception. This effect is, how-
ever, not general, because Agrobacterium tumefaciens NT1/
pPZLR4 and Chromobacterium violaceum CV026 proved to be
insensitive to the regurgitate or N-linolenoylglutamine. Be-
cause the latter organisms are known to respond to shorter
AHLs, for example to C,-, C¢- or to Cg-HL's, it remains to be
clarified whether N-acyl glutamines of shorter chain length can
interfere with their quorum-sensing system.

Our results suggest that a reaction cascade resulting in
quorum quenching might exist in the lepidopteran intestine.
This phenomenon might have developed during evolution to
allow an insect to adapt to the inhabiting microflora and to
control its metabolic activities. However, owing to their short
generation cycle and the ease of adaptation, bacteria might
have a hitherto underestimated impact on the coevolution of
gut microbiota-insect and, indirectly, plant-insect interactions,
which requires further study.

Experimental Section

Chemicals: Tetracycline, kanamycine, gentamycine, and N-(3-oxo-
hexanoyl)homoserine lactone were purchased from Sigma-Aldrich.
X-Gal was obtained from AppliChem (Darmstadt, Germany). AHLs
acylated with n-alkyl fatty acids were synthesised according to
Chhabra et al* N-(3-Hydroxy-hexanoyl)homoserine lactone was
obtained by reduction of N-(3-oxo-hexanoyl)homoserine lactone
with NaBH,.

Bacterial reporter strains; culture conditions and bioassays: For
cultures of Chromobacterium violaceum CV026 the LB medium was
additionally treated with kanamycin (30 pgmL™"), and for cultures
of E. coli RV308pSB40 tetracycline (1 mgmL~'") was added. Agrobac-
terium tumefaciens NT1/pZLR4 was cultured in a medium that con-
tained peptone (5g), meat extract (3 g), mannitol (10 g), KH,PO,
(0.5 g), yeast extract (0.4 g), MgSO,-7H,0 (0.2 g) and NaCl (0.1 g) in
distilled H,O (1 L).

Agrobacterium tumefaciens NT1/pZLR4*" and Chromobacterium vio-

laceum CV026"™ were grown on LB agar plates at 28 °C. Liquid cul-
tures were incubated overnight. Assay plates were produced by di-
lution of liquid cultures with tenfold amount of liquid medium that
contained agar (1.5%). In case of Chromobacterium violaceum
CV026 kanamycine (30 pgmL~" was added. After drying, the plates
were covered with sterile paper (0.5 cm? that contained the test
solution (20-50 pL). After incubation for 10 to 24 h, the plates
were inspected for zones of pigment production around the discs.
Colour development later than 24 h was not considered to be rele-
vant.

E. coli RV308pSB40”” were grown on LB plates at 37°C. For the
preparation of a liquid culture, medium (20 mL) was treated with
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E. coli RV308pSB40 and incubated, overnight, on a rotary shaker at
37°C. This culture (2 mL) was treated with fresh medium (18 mL)
and incubated for 1 h. The bioluminescence was analysed by using
a luminometer (Lumiskan TL Plus, Labsystems). To demonstrate the
presence of AHL, the bacterial culture (900 uL) was treated with
test solutions from the insect gut (100 pL). The bioluminescence of
the sample was recorded in 1 h intervals, and became constant
after about 24 to 30 h. Each sample was shaken for 5 s prior to the
measurement. Tris buffer (pH 7) was used for negative controls,
and standardised solutions of N-hexanoylhomoserine (100 ugmL™")
in the same buffer served as a positive control and for the determi-
nation of the detection limit. The values for the positive control in
Figure 3 were normalised with respect to the effect of N-hexanoyl-
homoserine lactone.

Rearing of insect larvae: Larvae of Spodoptera littoralis (Bayer
Cropscience, Monheim, Germany) or Spodoptera eridania (BASF
Corporation, Florham Park NJ, USA) were hatched from egg clutch-
es and reared on an agar-based artificial diet in plastic cages at
23-25°C under a light-dark regime with 16 h of illumination. For
the artificial diet ground white beans (500 g) were soaked, over-
night, in water (100 mL). Ascorbic acid (9.0 g), parabene (9.0 g), aq.
formaldehyde (4.0 mL, 36.5%) and agar (75 g) were added to dis-
tilled H,O (1000 mL) and boiled. After being cooled, the mixture
solidified to a white waxy solid.®” Alternatively, the larvae were
reared on Lima beans at 23-25°C under a light-dark regime with
16 h of illumination.

Determination of the gut pH profile: The pH profile along the
larval gut was determined by using miniaturised glass electrodes
PH-50 (Unisense A/S, Aarhus, Denmark);*” outer diameter of the
electrode tip: 40-60 um; length of the pH-sensitive glass segment:
200-300 um. The working microelectrode was connected to the
input terminal of a high-impedance millivoltmeter (Ri>10" Q) and
to the reference electrode (REF-500), which was further connected
to the measuring chamber’s Ringer solution, which consisted of
NaCl (7.5 g), KCI (0.35 g) and CaCl, (0.21 g) per litre via a KCl-filled
agar bridge. The microelectrodes were calibrated against standard
pH solutions. Standard solutions with pH 4-9 were from Sigma Al-
drich and stock solutions (50 mm) in the range of pH 10-12 were
freshly prepared from NaHCO; (pH 10-11), Na,HPO, (pH 11-12) and
KCl (pH 12-12.5), respectively. Solutions were adjusted to the re-
spective pH with NaOH (0.1 N). Solutions above pH 10 were kept in
glass-stoppered bottles to prevent absorption of CO,. Microelectro-
des were calibrated before, during and after each set of experi-
ments with three different pH buffers that covered the range
of operation. When the pH microelectrode responded linearly
between various pH standards with an optimal slope of 50-
70 mVpH™" unit, the experimental millivolt readings were convert-
ed to the corresponding pH values.

Third or fourth instar larvae of S. littoralis and S. eridania were thor-
oughly cleaned with distilled H,O (pH 7.0) and immobilised by
freezing at —80°C for 2-4 min. Larvae were then dissected by a
ventral longitudinal incision exposing the gut. The gut was kept
intact, still attached to skin from anterior and posterior regions.
The dissected larvae were immediately laid open and fully extend-
ed onto a solidified layer of 0.8% agarose in Ringer’s solution and
quickly embedded in an identical layer of cool molten agarose
(56°C) that solidified instantly.*®’ Microelectrodes were positioned
with a manual micromanipulator HS6 (Bio-Medical Instruments,
Warren, MI, USA). The millivoltmeter measurements were taken at
ambient temperatures (22+2°C). In each set, recordings were
taken for five independent replicates.
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Hydrolysis of AHLs: AHLs were hydrolysed in the following buf-
fers: pH 7: tris(hydroxylmethyl)laminomethan (Tris) HCl (500 mm);
pH 8: Tris—-HCI (100 mm); pH 9: Tris—-HCI (100 mm); pH 10: Na,CO,/
NaHCO; (100 mm each), pH 11: CAPS, NaOH (100 mm). All buffers
were sterilised by ultrafiltration prior to use. Hydrolysis was ach-
ieved by adding the buffer (2.0 mL) to a well-stirred solution of the
AHLs (5 mm N-hexanoylhomoserine lactone, 1 mm N-(3-oxo-hexa-
noylhomoserinelactone, and 1 mm N-(3-hydroxyhexanoylhomoser-
ine lactone) in H,0 (2.0 mL); this was followed by pH control at
room temperature. The solution was stirred further at room tem-
perature and aliquots (0.5 mL) were taken after 15 s, 5 min, 10 min,
20 min and 50 min, respectively, and mixed with Tris buffer (pH 7,
0.5 mL) to stop hydrolysis. For LC-MS analysis, synthetic N-(n-phe-
nylpentanoyl)-glutamine™” (4 uL of a stock solution in MeOH
(2.0 mgmL™") was added as an internal standard.

Enzymatic cleavage of the ring-opened AHLs: N-acylhomoserine
lactones (2.1 mmol) were dissolved in Tris buffer (50 mm) adjusted
to pH 10. After being shaken for 15 h the ring opening was com-
plete without competing cleavage into glutamine and the acyl
moiety. Next, the solutions were buffered to pH 8.0 and sterilised
by filtration through a membrane (0.22 pm). These solutions were
shown to be stable under the experimental conditions. The initial
concentration of ring-opened N-acylhomoserine was determined
by LC-MS. A purified protein fraction of N-acylamino acid hydro-
lase (AAH) from Microbacterium arborescens®” was added to a final
concentration of about 0.2 mgmL~' enzyme in Tris-HCl (50 mwm) at
pH 8.0. The protein concentration was chosen to achieve a linear
turnover, which was followed by LC-MS. The substrate concentra-
tions were 8x107° to 3x107*m for N-dodecanoylhomoserine, 1.5
to 73x107°m for N-decanoylhomoserine and 9.2x107% to 4.6x
107" m for N-hexanoylhomoserine. The assay mixture was shaken at
37°C, and aliquots (100 pL) were taken after 30 min (N-hexanoylho-
moserine and N-decanoylhomoserine) or 6 min (N-dodecanoylho-
moserine), which represented the linear phase of the enzymatic re-
action. The reaction was stopped by precipitation of the enzyme
by the addition of MeOH (100 pL), and N-(n-phenyldodecanoyl)-L-
glutamine®™ was added as an internal standard in a final concen-
tration of 4.9x107°m. For statistical treatment, kinetic experiments
were repeated four to six times. The K, values for the hydrolysis of
the different AHLs were determined by a double-reciprocal plot
according to Lineweaver and Burk.

HPLC and mass spectroscopic analysis of N-acylhomoserine lac-
tones: AHLs were analysed by HPLC-MS by using a Thermoquest
LCQ (Thermoquest, Egelsbach, Germany) in the APClI mode (vapor-
izer temperature: 430 °C) that was connected to an Agilent HP1100
HPLC-system. Separation was achieved on a Grom-Sil ODS3CP
column (120 mmx2mm, 3 pum) by using gradient elution at
0.2 mLmin™' (solvent A: H,0, 0.5% AcOH; solvent B: MeCN, 0.5%
AcOH) starting with 100% A (3 min), programmed to 100% B in
27 min. Elution with 100% B was maintained for 15 min prior to
equilibration with the initial solvent mixture. N-(n-Phenylpenta-
noyl)glutamine was used as an internal standard (4puL of a
2 mgmL™" solution). Parallel UV detection allowed quantification of
the tetramic acids (4, =278 nm) that resulted from ring opening
and rearrangement of the 3-oxo-AHL.E”

Gas chromatography and mass spectroscopy of N-acylhomoser-
ine lactones: AHL were additionally analysed by combined gas
chromatography and mass spectroscopy by using a Trace GC
(Thermo Finnigan, San Jose, CA, USA) that was connected to a
Trace MS detector (Thermo Finnigan, San Jose, CA, USA). Com-
pounds were separated by using an EC-5 column (15 mx0.25
mmx0.25 um, Alltech, Deerfield, IL, USA). Helium at a flow rate of
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1.5mLmin™' served as a carrier gas and a splitmode injection

(1:10) was employed. The GC injector, transfer line and ion source
were kept at 220°C, 280°C and 280°C, respectively. Spectra were
taken in the total-ion-scanning (TIC) mode at 70 eV. Compounds
were eluted under programmed conditions starting at 50°C (3 min
isotherm) followed by being heated at 16.4°Cmin~"' to 300°C, and
were maintained for further 3 min; injected amount: 1 pL.
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Relating Chemical and Biological Diversity Space:
A Tunable System for Efficient Gene Transfection

Liisa D. Van Vliet,” Michael R. Chapman,” Frédéric Avenier,” Chris Z. Kitson,” and

Florian Hollfelder*®

Polyethyleneimine (PEl), a well-established nonviral transfection
reagent, was combinatorially modified with varying proportions
of methyl, benzyl, and n-dodecyl groups to create a library of
435 derivatized polymers. Screening of this library for transfec-
tion, DNA binding, and toxicity allows systematic correlation of
the biological properties of our polymers to their derivatizations.
Combinations of derivatizations bring about a 100-fold variation
in transfection efficiency between library members. The best PEI
derivatives exhibit increases in transfection efficiency of more
than 80-fold over unmodified PEl (up to 28+7% of cells trans-
fected) and rival commercial reagents such as Lipofectamine

Introduction

A variety of gene delivery techniques are currently available,
but no universally applicable and efficient solution has been
found. Viral vectors remain the most efficient reagents to intro-
duce DNA into living cells.""? Nonviral vectors are potentially
cheaper to produce and have fewer safety problems, but they
are still orders of magnitude less efficient.*> A variety of non-
viral methods are in use, ranging from ballistics,® to magnet-
ic” and other nanoparticles,® as well as synthetic transfection
reagents.*>*'? The latter include cationic lipids™” such as
SAINTs,"? the commercial Lipofectamine™ 2000, and polymers
such as poly-L-lysines," polyamidoamine™ or polyamine den-
drimers," and polyethyleneimine (PEI).'®"”!

While the systematic variation of the chemical structure of a
given molecule to improve its functional characteristics (e.g.,
in enzyme inhibition by small molecules) is a mainstay of re-
search in medicinal chemistry, it has proven difficult to adapt
transfection reagents efficiently for specific functions."®'® This
is no doubt due to the complexity of the biological challenge,
in which the DNA delivery agent must satisfy the requirements
of a variety of transport processes.'” These might include the
lipoplex—cell surface interaction, internalization and membrane
transfer, delivery into intracellular compartments, polymorphic
transitions of lipoplexes (such as a membrane-destabilizing
hexagonal phase),"" endosomal release (avoiding lysosomal
degradation), concomitant escape of DNA/RNA into the cyto-
sol, and, finally, transport into the nucleus.*?" At this stage
quantitative knowledge about these steps is limited; in partic-
ular, it is not clear which of these steps might be the bottle-
neck for any one class of delivery reagents. All these processes
can potentially become rate-determining. Consequently the
question of how structural variation of a transfection reagent
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2000 (214+10%) and JetPEl (32+5.0%). In addition, we can iden-
tify compounds that are specifically tuned for efficient transfec-
tion in CHO-K1 over Ishikawa cells and vice versa, demonstrating
that the approach can lead to cell-type selectivity of at least one
order of magnitude. This work demonstrates that multivalent
derivatization of a polymeric framework can create functional
diversity substantially greater than the structural diversity of the
derivatization building blocks and suggests an approach to a
better understanding of the molecular underpinnings of transfec-
tion as well as their exploitation.

affects each of these processes and influences the balance be-
tween them is naturally complex and a quantitative answer
elusive.l'*?”

Only relatively recently have structure-activity relationships
been discovered for small compound collections, such as
gemini surfactants,”? sunfish amphiphiles,”? and cyclodextrin-
containing polycations.?”  Higher-throughput library ap-
proaches have been used to screen reagent combinations
whose efficacy cannot be predicted. For example, combinatori-
al solid-phase chemistry was used to synthesize a library of
new cationic lipids and to improve their transfection proper-
ties.” Variation of the monomer building blocks of the cation-
ic degradable polymers, poly-B-amino esters,”*?” has given
some insight into the biophysical properties necessary for
transfection, such as particle size and surface charge.”®* This
approach has yielded efficient transfection reagents that are al-
ready successfully used for gene transfer in cells.*® There is po-
tential for optimization at levels other than the backbone. For
example, end-capping of poly-B-amino esters has improved
transfection.®" We are interested in further exploring the po-
tential of these effects by studying relatively subtle changes to

[a] Dr. L. D. Van Vliet, Dr. M. R. Chapman, Dr. F. Avenier, Dr. F. Hollfelder
Department of Biochemistry, University of Cambridge
80 Tennis Court Road, Cambridge, CB2 1GA (UK)
Fax: (+44) 1223-766002
E-mail: fh111@mole.bio.cam.ac.uk
[b] Dr. C. Z. Kitson
GlaxoSmithKline, Medicines Research Centre
Gunnels Wood Road, Stevenage, Hertfordshire, SG1 2NY (UK)
Supporting information for this article is available on the WWW under
http://www.chembiochem.org or from the author.
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the surface of a polymer that can affect interactions with bio-
logical systems. To this end we have systematically explored
the effect of PEl derivatization on the process of transfection.

The multivalency®? of polymers such as PEI offers the poten-
tial for modification with many functional groups to create
libraries of compounds with potentially diverse properties. PEI
modification—by deacylation,®® acetylation,*” n-dodecyla-
tion,® or crosslinking®®—has already been shown to improve
efficacy moderately and to reduce toxicity.” By setting up a
high-throughput system for in situ derivatization and screen-
ing, we can sample a focused area of chemical diversity
(“chemical space”) at high resolution to investigate the cumu-
lative effect of minor variations. By superimposing the results
of functional assays (“functional space”) and chemical composi-
tion we hope to reveal more comprehensive relationships of
derivatization and function in multidimensional chemical and
biological descriptor space.”
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A total of 435 different derivatives of branched PEI (25 kDa)
were produced by modification with combinations of methyl-
ating, benzylating, and n-dodecylating reagents, at various
equivalents per monomer residue, by using previously report-
ed procedures.*®** Such modified PEls have been used as
enzyme models (“synzymes”), suggesting that the modifica-
tions can substantially change their molecular recognition
properties.“>*" Derivatization carried out in this way has been
shown to change the hydrophobicities of these compounds, as
manifested in, for example, altered pK, values of polymer
amines.*®*? The various quantities of derivatization reagents
allow quantitative definition of chemical space (represented by
the x-, y-, and z-axes of methyl, benzyl, and dodecyl derivatiza-
tion equivalents in Figure 1). The resulting collection of 435
compounds smoothly samples the ensuing diversity. The modi-
fications (Scheme 1) introduce positive charge by quaterniza-
tion of amine groups® (to bind DNA) and at the same time
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Figure 1. Our library displays clear relationships between derivatization and activity. A-D) Functional space maps into chemical derivatization space, by dis-
playing transfection, DNA binding, and toxicity data as a function of the amount of derivatization reagents applied (in equivalents of reagent per PEl amine).
A) Transfection data for the entire library. Data points are colored in proportion to the number of cells that expressed EGPF when that polymer was used in
the transfection assay; this panel is displayed from different angles in Figure S5. B) The best transfection reagents and the most toxic polymers (i.e., polymers
that lead to cell membrane damage measured by LDH leakage) appear in distinct, defined areas. Polymers defined as good transfection reagents (®): > 10%
of cells expressed EGFP and <5% stained with propidium iodide after transfection; polymers with high toxicity (e); >5% cells were stained with propidium
iodide after transfection. C) How polymers with improved DNA binding (F, <0.3) map into a defined area. D) Combined information from B) and C) in a car-
toon representation: the area of high transfection is green, that of high toxicity is red, and both these areas are encompassed by the area of strong DNA
binding in blue. The complete data for transfection, toxicity, and DNA binding are shown in Table S1. Transfection conditions: 0.25 pg pEGFP-C1 per well, N:P
ratio=10.
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Scheme 1. Derivatization of PEI by using simple alkyl substitution chemistry
to produce diverse libraries. PEI25 was treated with different amounts of
each reagent that react with primary, secondary, and tertiary amines to
create a range of products, of which one representative example is shown.

alter the hydrophobic character of the polymer®® (aiding
membrane penetration of the PEI-DNA complex).

We tested this library using three high-throughput assays
(for overall transfection, DNA binding, and toxicity) and were
able to visualize the synergistic effect of combining multiple
derivatizations as a function of these assays. This approach
provided a comprehensive illustration of mapping functional
data into chemical space.?”

Results and Discussion

To define the functional consequences of PEI derivatization, we
tested our library in three robust, high-throughput assays car-
ried out in microwell formats that profiled the effects of small
changes on the physical and chemical properties of the poly-
mer library at different stages of the transfection process.

1) To study transfection efficiency, a plasmid (pEGFP-C1) en-
coding enhanced green fluorescent protein (EGFP) was
used as a reporter gene with the CHO-K1 cell line. Using a
fluorescent reporter gene allows measurement both of the
total level of protein expression and of the percentage of
cells expressing the reporter. Here we have chosen to use
the percentage of cells showing expression as our measure
of transfection (Figure S9 in the Supporting Information)."?

2) The toxicity of the PEIl transfection reagents was assessed
at the same time as transfection efficiency by counting the
number of nonviable cells stained with propidium iodide*
and the total number of cells.

3) Finally, the ability of the derivatized polymers to bind and
compact DNA was measured by an ethidium displacement
assay*? To compare large numbers of compounds an
equal amount of each polymer was added to a standard
solution of DNA and ethidium bromide, and the decrease
in fluorescence was compared in order to give a relative
fluorescence value (F,).

Transfection (1) and toxicity (2) assays were carried out in
triplicate in three separate experiments. The entire dataset for
435 polymers thus obtained represents the readout of >3900
transfection measurements. Figure 1 correlates these data
points with > 1300 DNA binding assays (for 435 polymers per-
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formed in triplicate) and comprises the data of more than
5200 separate experiments in total (listed in Table S1).

Functional diversity across the derivatization space

Although the region of chemical space sampled by this poly-
mer collection is defined by only three building blocks, result-
ing in a low hypothetical formal diversity score,*” the results
from these assays display a remarkable amount of actual func-
tional diversity (Figure 2). The most toxic polymer (3-F5, deriv-

Unmodified
PEI2S

e 9

3? %‘vos

DNA binding (F,)

Figure 2. Limited derivatization building blocks create polymers with diverse
properties. Transfection efficiency, toxicity, and DNA binding data are plotted
for all 435 derivatized PEls, with the underivatized polymer shown in red
and marked with an arrow. Transfection conditions: 0.25 ug of pEGFP was
used per well of a 96-well plate, complexed with derivatized PEI at a N:P
ratio of 10:1. Note that the measure of relative DNA binding (F,) decreases
as binding affinity increases.

atized with 4.3 equiv methyl iodide, 0.13 equiv benzyl bromide,
and 0.14 equiv dodecyl iodide) is over 50-times more toxic
than the unmodified PEl, while 15 members of the library are
slightly less toxic than PEI. The largest observed difference in
transfection efficiency between the best and worst PEl deriva-
tives is 100-fold. The most efficient transfection reagent (1-C3,
derivatized with 1.7 equiv methyl iodide and 0.5 equiv benzyl
bromide) is over 80-times more efficient than underivatized
PEL¥Y The best compounds (shown in Table 1) rival the com-
mercial reagents JetPEI™ and Lipofectamine™ 2000.

Overall, 24% of all polymers showed a greater than fivefold
increase in EGFP expression over the unmodified polymer. The
high occurrence of improved candidates amongst the PEl de-
rivatives suggests that the properties altered by our substitu-
ents play a key role in the transfection process. Along with
high diversity, the properties of this library show clear relation-
ships to derivatization, such as that between EGFP expression
and derivatization in Figure 1A. To visualize the comparison of
this relationship with DNA binding and toxicity assays, re-
agents were classified into groups by their activity in each of
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Table 1. The best derivatized PEls rival commercial transfection reagents
in transfection activity. Transfection, toxicity, and DNA binding results are
shown for the commercial reagents Lipofectamine™ 2000, JetPEI™, our
best derivatized PEls, and unmodified 25 kDa PEI (PEI25).”!

Reagent Transfection Toxicity DNA binding
[%] [b] [%][b] [ Fy] [c]

JetPEl 31.54+5.0 0.32+0.03 0.09+0.11
Lipofectamine 2000 21.2+10.3 0.16£0.10 N/A

PEI25 0.33+0.24 0.13+0.13 0.50+0.08
1-B4 19.3+6.8 2.7+32 0.26 +0.06
1-C3 284+74 20+27 0.21+0.05
2-B4 20.3+£3.9 1.0+038 0.32+0.03

[a] Values are means of n experiments (n=9 for transfection and toxicity,
n=4 for DNA binding) +standard error. Transfection conditions: 0.25 ug
of pEGFP was used per well of a 96-well plate, together with derivatized
PEI, PEI25, or JetPEI™ at an N:P ratio of 10:1. Lipofectamine™ 2000 was
used with 2 pg pEGFP per well. [b] Transfection and toxicity results show
percentages of cells that expressed EGFP or stained with propidium
iodide after transfection in CHO-K1 cells. Values for toxicity are likely to
be a lower limit as some dead cells can be removed in a washing step
(see the Experimental Section). [c] The DNA binding column gives relative
fluorescence (F,), which decreases with increased affinity for DNA.

the three assays. Figure 1B and 1C show the top 10% of PEI
derivatives in terms of transfection efficacy, toxicity (Figure 1B),
and DNA binding (Figure 1C). The groups of good transfection
reagents and toxic polymers (Figure 1B) do not overlap. The
group of strong DNA binders encompasses the former two.
For easy reference, the relationships between these three func-
tions are combined as a cartoon (Figure 1D). This diagram rep-
resents all biological data as a function of the in situ derivatiza-
tion of PEl: that is, is the projection of “biological” descriptor
space into “chemical” derivatization space.

Characterization of polymer-DNA interactions

Our derivatizations alter the charges of the polymers and so
might affect the ratio of polymer amines to DNA phosphates
(N:P ratio) required to form a successful transfection complex.
One possible explanation for the clear band of good transfec-
tion reagents running through our chemical derivatization
space in Figure 1B is that these were the polymers the charges
of which were tuned to the N:P ratio of 10:1 used in the stan-
dard assays. To investigate the effect of changing this ratio,
compounds were tested with N:P ratios of 5, 10, 15, and 20:1
(Figure S4). Although the overall levels of transfection and tox-
icity varied, the functional relationships did not significantly
alter from those seen with an N:P ratio of 10:1. This shows
that they are inherent properties of the reagents, and not the
result of tuning the charge of the polymer to the N:P ratio
chosen for the experiment.

We also addressed the question of whether the effects seen
were due to modifications found on one particular polymer
and not just a formulation of different molecules with various
properties. To this end we measured transfection for a mixture
of singly modified polymers at a ratio that matched the same
overall composition of good transfection reagents; that is, PEI
(y equiv benzylation; x equiv methylation) was compared to
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PEI (y equiv benzylation) mixed with PEI (x equiv methylation).
For example, PEI derivatized with 0.4 equiv of methylation and
0.9 equiv of benzylation gave 25-times more EGFP expression
than when PEI derivatized with 0.4 equiv of methyl iodide was
mixed with PEl derivatized with 0.9 equiv of benzyl bromide
(data not shown). Generally the transfection efficiency was re-
duced by 10-25-fold; this indicates that mounting the func-
tionality on one polymer framework is important.

Cell-type selectivity

For possible in vivo cell targeting, selectivity of transfection re-
agents can be of great utility. We addressed this possibility
using two model cell lines: CHO-K1 and Ishikawa cells. Un-
modified PEI exhibited little difference in transfection efficiency
between CHO-K1 and Ishikawa cells (3.4+1.2 and 5.3+£0.7%
of cells transfected, respectively). Across the three-dimensional
chemical space (Figure 1D) they showed an overall similar pro-
file, but slight shifts can be exploited to identify individual
compounds within the area of high transfection that discrimi-
nate for particular cell types. For example, polymer 5-C2 (deri-
vatizations given in Table S1) is more tuned to the require-
ments of CHO-K1 cells (7.0+2.9% transfected) than Ishikawa
cells (0.7 £0.5% transfected); this corresponds to a tenfold dis-
crimination. Polymer 2-H6, however, is tuned in the opposite
direction: 1.3£0.1% transfection in CHO-K1, but 8.2+4.1% in
Ishikawa cells. These data suggest that it is possible to select
reagents that are more finely tuned to one cell over another
within the chemical space resulting from PEI derivatization.

Discussion

Previous work to improve polymeric nonviral transfection has

been based on individual modifications to the poly-
[24,25,34,35,47-49] 15,26-29]

mer or on changes in backbone properties.
We now demonstrate that surface modification of PEI can fur-
ther improve PEI transfection by up to two orders of magni-
tude. We have combined up to three types of derivatizations
and have found that our best compounds require a combina-
tion of modifications, acting synergistically to increase transfec-
tion efficiency by roughly an order of magnitude more than
the sum of each single modification.

By comparing results from different assays, we can begin to
understand how these interrelate with the mechanism of trans-
fection. All of the compounds that show strong biological
activity, whether in transfection or toxicity, demonstrate in-
creased DNA binding relative to the unmodified polymer (i.e.,
the blue DNA-binding region in Figure 1D that encompasses
the transfection and toxicity regions). Since the first stage in
successful transfection is the formation of a PEI-DNA complex,
the fact that all of the most active transfection reagents have
strong affinities for DNA is to be expected. On the other hand,
PEl toxicity might be due either to binding to cellular nucleic
acids® or to membrane damage.®" Free PEI that has entered
the cell independently or as part of a complex might bind to
genomic DNA and interfere with normal cellular functions. This
type of toxicity is dependent on the affinity of PEI for DNA.
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The second form of PEI toxicity is due to damage to mem-
branes, including endosomal membranes. Endosomal mem-
brane damage depends on the buffering capacity of the poly-
mer,”? which is in turn a function of its level of derivatiza-
tion.®® Figure 1D shows that while all of the polymers with
significant toxicity have a greater affinity for DNA than un-
modified PEl, many that show good DNA binding also have
low toxicity. This finding is reinforced by a plot of DNA binding
against toxicity and transfection (Figure 3), in which the levels
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Figure 3. DNA binding is important, but not the sole determinant of biological activity.
Each data point in this plot represents the functional characteristics of one member of
our library. Stronger DNA binding (on the right hand side) can lead either to high trans-
fection or to high toxicity—or even to no special activity at all. For example, good DNA
binding (represented by F, ~0.26) leads to high transfection for polymer 1-C3, but similar
DNA binding can also lead to high toxicity in 3-F5 (and low transfection activity). In addi-
tion, there are many polymers in which comparable DNA binding leads to little or no
biological activity. This means that DNA binding is a necessary, but not sufficient, condi-
tion for biological activity of PEI derivatives and that as such it does not alone determine

whether a polymer is toxic or a good transfection reagent.

of DNA binding are similar for the different members of our li-
brary that show high toxicity or alternatively high transfection.
For example, of the two best DNA binders (3-F5 and 1-C3), 3-
F5 is a mediocre transfection reagent (0.4% transfected cells)
and 1-C3 is the best (28.4% transfected cells). These observa-
tions suggest that the ability to bind DNA is necessary but not
sufficient for toxicity or transfection and that another proper-
ty—buffering capacity or DNA release kinetics, for example—
might also contribute. While increased DNA binding is necessa-
ry for activity, the regions characterized by high transfection or
toxicity (Figure 1B, green and red) do not overlap; this sug-
gests that high transfection efficiency is compromised by toxic-
ity.

While the role of the polymer backbone has been extensive-
ly studied with large libraries of several hundred mem-
bers,[1%26:28:333554 modification of the peripheries of small-mole-
cule scaffolds (e.g., gemini surfactants) has involved relatively
small compound collections (typically <20 members).['>2>3549
The small sizes of the compound collections as well as the
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complexity of the transfection process have made it difficult to
observe structure-activity relationships as a function of the
derivatization reagents. The larger sizes of polymer backbone
libraries have resulted in large improvements in activi-
ty,[1>26283335541 [yt it has been difficult to visualize any struc-
ture-activity relationship because defining the axes that repre-
sent chemical diversity space (as in Figure 1) is not obvious.
Although we have only derivatized PEl with three substitu-
ents of limited chemical functionality, using straightforward
chemistry, our library displays a diverse range of
properties that are systematically related (Figure 2),
including differences of one to two orders of magni-
tude in both toxicity and transfection. More diverse
appended building blocks and previously discovered
alternative polymer backbones?*?® in combination

;1 with our “polymer decoration” approach could pro-
= vide a route towards more efficient transfection re-
238  agents.

?&g Any combinatorial experiment is a compromise be-
z tween wider coverage and intensive mapping of a fo-
E cused area of diversity space.”” Our results suggest

that the transfection activity of PEl is sufficiently sen-
sitive to modification that complete sampling of a
smaller fraction of derivatization space generates a
high degree of functional diversity, despite the very
limited chemical diversity of the building blocks used.
The effect of polymer modification is thus much
larger than previously demonstrated or estimated
with diversity assessments.” By contrast, the de-
grees of freedom for modifying small molecules are
much more limited, not only by the synthetic chemis-
try, but also by the limited number of atoms that can
be changed or modified. A multivalent polymer not
only allows greater numbers of modifications, but
the proportions of these building blocks can be used
to fine-tune the properties (e.g., the ratio between
hydrophobic and charged groups) with greater sensi-
tivity, and to define diversity as a continuous function
of derivatization. This is difficult or impossible for compound
collections that are not amenable to regular derivatization pat-
terns as PEl is. If, as we demonstrate in the case of transfection,
the activity “peak regions” in chemical diversity space are
narrow bands rather than large areas (Figure 1), then the com-
plete sampling of this diversity space is crucial, and the versa-
tility of a multimeric framework that can be functionalized
with varying reagent combinations is more likely to succeed.
We suspect that this conclusion might apply more generally to
the synthesis of drug delivery formulations and reagents.

Conclusions

A key contribution of chemistry to biology is to vary chemical
structure systematically to improve the biological activity of a
given molecule and to create new function. Despite a great
deal of research effort, this approach has achieved only limited
success for the central biological challenge of delivering nucle-
ic acids to mammalian cells with chemical vectors. Modifica-
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tions of the known transfection reagent polyethyleneimine
(PEI) make its efficiency similar to those of commercial re-
agents, despite the limited functional diversity of the derivati-
zation building blocks. This suggests that polymer modification
can enhance existing transfection reagents substantially. The
success of this approach involves a strategy that starts with
the creation of a library of PEI derivatives that extensively
sample a three-dimensional region of chemical space, taking
advantage of the polymer’s multivalency and potential for
chemical decoration, followed by multidimensional biological
assays. In this case, a systematic screen of the library to assess
the degree of functional diversity in three high-throughput
assays for properties relevant to successful transfection (toxic-
ity, DNA binding, and overall transfection efficiency) revealed
clear relationships within this chemical space. This work dem-
onstrates that the modification of a polymer framework pro-
duced much greater diversity than previously believed, leading
us to rethink established ideas about the inherent compromise
between coverage and density of sampling in combinatorial
experiments. Conventional wisdom is to create large libraries
that cover a wide variety of chemical modifications. Instead,
we found improvements by densely sampling one region of
chemical space.

In addition to large improvements in activity, some of our
reagents showed cell type specificity, indicating that we can
tune supramolecular properties to the particular requirements
of transfection in a specific cell line that cannot be predicted,
thus validating the combinatorial approach. By combining the
results of the multidimensional relationships in chemical space
(conveniently defined by derivatization quantities), we provide
a basis for understanding the underlying mechanisms. We be-
lieve that this novel approach to an important problem pro-
vides a system for tuning transfection reagents and in addition
provides insight into the requirements of gene delivery. More
generally, it might be possible to apply this systematic ap-
proach to other cases in which it is necessary to screen large
chemical libraries for a particular biological function.

Experimental Section

Materials: All chemical reagents (including PEl) were purchased
from Sigma-Aldrich. Media, Nonessential amino acids (NEAA), Opti-
MEM 1@, and antibiotics were purchased from Gibco (Paisley, UK).
HEPES-buffered saline (HBS) contained 4-(2-hydroxyethyl)pipera-
zine-1-ethanesulfonic acid (1 mm) and sodium chloride (150 mm)
with the pH adjusted to 7.4 by addition of aqueous sodium hy-
droxide solution (1 m).

Library synthesis: A solution of PEI (25 kDa, 0.317 M in monomer
residues) in N,N-dimethylformamide (DMF, 458.9 mL) and 2,6-luti-
dine (5.85 mL) was added (0.9 mL) into deep-well 96-well plates.
Solutions of benzyl bromide and lauryl iodide (175 pL, various con-
centrations) in DMF were added to each well to give the required
combinations, and the reaction mixtures were stirred with magnet-
ic stirring bars for five days at room temperature. Various concen-
trations of methyl iodide (350 pL, various concentrations) in DMF
were added, followed by a further three days of stirring at room
temperature. An overview of the synthesis is shown in Scheme 1.
Mass spectra of incubations of hexylamine with the three reagents
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used in this study show that the starting material has been effec-
tively turned over on the timescale employed for derivatization
(Supporting Information). An assay of primary amines in PEI
(25 kDa) by treatment with ninhydrin® shows that the derivatiza-
tion also occurs efficiently on polymer amines. These data suggest
that the high reactivity of the reagents is sufficient to derivatize
the polymer in the time allowed in this procedure.

To hydrolyze any unreacted alkylating reagents, a sample from
each well (15 pL) was transferred to another 96-well plate, where it
was diluted with DMF (135 plL) and NaOH (1350 pL, 50 mm) and in-
cubated, overnight, with shaking. The derivatization ratios of each
library member are shown in Table S1, together with the functional
data obtained for each of them. Reaction products that were re-
synthesized on a larger scale and purified by dialysis®**® maintain
their activities (within error); this suggests that the activities ob-
served are indeed a function of the derivatized PEIl. Modifications
with larger derivatization ratios than shown in Figure 1 appeared
not to change transfection properties further.

Ethidium displacement assay: Samples of each hydrolyzed com-
pound (30 puL) were further diluted in HBS (166 uL) and acetic acid
(4 uL, 87.5 mm). The diluted compounds (20 uL) were added to the
wells of a 96-well plate containing calf thymus DNA (3 uL pUC19,
0.25 mm), ethidium bromide (5 L, 0.25 mm), and HBS (to 200 pL).
The ethidium fluorescence of each well containing a polymer and
of wells without polymer or DNA was measured (BMG FluoroStar
Optima, A1.,=260 nm and A.,=595 nm), and relative fluorescence
(F,) was calculated according to Equation (1):

Fr: (FobsfFe)/(FofFe) (1)

where F,, is the observed fluorescence of the sample, F, the fluo-
rescence in the absence of PEl, and F, the background fluores-
cence in the absence of DNA.

Cell culture: Chinese hamster ovary cells (CHO-K1) were cultured
in F12 (Ham) medium with fetal bovine serum (10%), glutamine,
and penicillin/streptomycin. Ishikawa cells were cultured in D-MEM
medium with fetal bovine serum (10%), NEAA (1%), glutamine,
and penicillin/streptomycin. Cells were seeded into 96-well plates
18 h before transfection at a density of 20000 cells per well.

Transfection and toxicity: The structures and properties of PEI-
DNA complexes depend strongly on the ratio of polymer amine
groups to DNA phosphates (N:P ratio)."® For our initial experi-
ments we chose an N:P ratio of 10:1, which is close to the opti-
mum for unmodified PEL"® Derivatized PEI or JetPEl (20 pL,
037 uMm in amine residues) or lipofectamine 2000 (20 uL,
0.2 mgmL™") was mixed with an equal volume of pEGFP-C1 (20 pL,
37 uM phosphate) to give the correct N:P ratio. After incubation
(30 min, 20°C) to allow complex formation, the complex was dilut-
ed with Opti-MEM1® (160 uL) and added (100 pL) to wells original-
ly filled with 20000 cells. After incubation with the transfection
mixture (5 h, 37°C), cells were washed with PBS and grown over-
night. Plates were washed with phosphate-buffered saline (PBS)
before addition of trypsin (30 ul) and incubation (5 min, 37°C).
Each well of cells was diluted in PBS (240 pL), stained with propidi-
um iodide (30 uL, 10 pgmL~', 20 min), and read with a Beckman-
Coulter FC500 MPL flow cytometer. Each compound was tested in
triplicate in three separate experiments to give nine replicates,
from which the mean and standard error were calculated. Resyn-
thesis of PEI derivatives reproduced the same activity patterns and
levels. Under the conditions employed in this work the average
transfection efficiency for underivatized PEl was 0.33%+0.24. A
larger level of transfection for underivatized PEl has been reported
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under a different set of conditions (i.e., larger amounts of DNA: up
to 1.5 ug for 20000 cells in previous work®* instead of 0.25 ug
per well of 20000 cells here). However, we chose the latter set
of conditions to be able to represent improvements within the
dynamic range of the assay and to differentiate better between
underivatized PEl and its derivatives (Figure S7). Furthermore, we
found the transfection activity of underivatized commercial PEl to
show a batch-to batch variation of approximately fivefold. Howev-
er, this variation did not extend to PEI derivatives. All assays repro-
ducibly identified identical frontrunners and relative activities of
the library members within the errors given in Table S1.

We monitored the total cell count after transfection by flow cytom-
etry to rule out any possibility that a washing step included in the
procedure would bias the data because of possible removal of
dead cells before the toxicity assay. However, the total number of
cells in all but a very few wells (<5%) remains within error (Fig-
ure S6). Those wells in which the cell count was lowered (up to
20% below average) were randomly distributed and did not corre-
late to the cells with low toxicity measured by the propidium
iodide assay, suggesting that a systematic bias by the washing
step can safely be excluded.””
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Influence of 0-Functional Groups on the
Enantiorecognition of Secondary Alcohols by Candida

antarctica Lipase B
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Jan-E. Backvall*®

The selectivity of acetylation of d-functionalized secondary alco-
hols catalyzed by Candida antarctica lipase B has been examined
by molecular dynamics. The results from the simulation show
that a o0-alcohol functionality forms a hydrogen bond with the
carbonyl group of Thr40. This interaction stabilizes the tetrahe-
dral intermediate and thus leads to selective acetylation of the R
enantiomer. A stabilizing interaction of the 6-(R)-acetoxy group
with the peptide NH of alanine 282 was also observed. No stabi-

Introduction

The development of efficient methods for the synthesis of
enantiomerically pure chiral molecules is of tremendous impor-
tance. In 2004, for example, it was reported that the active in-
gredients in nine of the top ten drugs produced were enantio-
merically pure chiral molecules."” Pharmaceuticals containing
only one enantiomer, the active drug, offer the possibility of
being administered in a lower dosage, therefore minimizing
side effects. New synthetic methods that control the stereo-
chemistry in a molecule are of great importance not only for
the synthesis of pharmaceuticals, but also for the synthesis of
flavor and aroma chemicals, agricultural chemicals, and special-
ty materials.””? Synthetic routes to produce these compounds
have therefore emerged as one of the most important fields of
organic chemistry.” Despite the growing number of available
methods for the preparation of enantiomerically pure com-
pounds, kinetic resolution (KR) is still the most widely em-
ployed method in industry,® and in most cases biocatalysts
(enzymes) are used.

A KR is the total or partial separation of two enantiomers
from a racemic mixture.”” A KR is based on the different reac-
tion rates of the enantiomers with a chiral molecule (a reagent,
a catalyst, etc). In the ideal case, the difference is large, with
one of the enantiomers reacting very rapidly to give the prod-

uct, whereas the other either does

not react at all or reacts very
cat* slowly and can be recovered en-
T P . .
fast 50% antiomerically pure when the
(4
transformation is completed
cat* (Scheme 1).
ent-s -ttt > ent-p K . .
slow Candida antarctica lipase B

(CALB) is among the most enantio-
selective lipases toward secondary
alcohols, and its substrate specifici-

Scheme 1. Kinetic resolution
(s: substrate, p: product, cat*:
homochiral catalyst).
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lizing interaction could be found for the d-keto functionality, and
it is proposed that this is the reason for the experimentally ob-
served decrease in enantioselectivity. From these results, it was
hypothesized that the enantioselectivity could be restored by mu-
tating the alanine in position 281 for serine. The mutation was
made experimentally, and the results show that the E value in-
creased from 9 to 120.

ty is very broad. In hydrolysis/syn- OH
thesis of esters (lipase substrate @
type Ill; the chirality resides at the
alcoholic center), CALB follows
Kazlauskas’ rule that predicts an
enantiopreference for the R alco-
hol (Figure 1).”’

The catalytic mechanism of tri-
acylglycerol hydrolases, as well as
serine proteases, involves the in-
teraction of three amino acid residues: a nucleophilic serine, a
histidine, and either an aspartate or a glutamate (Scheme 2). In
the case of CALB, this catalytic triad consists of Ser105, His224,
and Asp187. The charged tetrahedral intermediate is stabilized
by the two backbone amide groups of GIn106 and Thr40, and
additionally by the hydroxy group of the Thr40 side chain. The
binding site is narrow and provides a small enantiorecognition
pocket for secondary alcohols delineated by Thr42, Ser47, and
Trp104.

The first X-ray crystal structure of CALB was solved without
any bound substrate.”” Subsequently, two other low-resolution
structures were also solved, one in complexation with an ester

Figure 1. Empirical model for
predicting the rapidly reacting
enantiomer of a sec-alcohol.
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oxyanion values of over 200, but if the 6-

Asp187 Asp187 1 ﬂ hole hydroxy groups are changed to

070 . j\ 070 R\(:) - keto groups (3 and 4) the E

B A H-O, 07 R? o -0, values drop to 9"* and 2.2,
NN Ser105 = NH.N Ser105 respectively.

Hi52>24_/ fersgyme Hi32>2:_/ TS 1 Similar loss of selectivity has

been observed in the consecu-

R® 0O tive acetylations of diols 5

R4J\OJ\R2 R{O (Scheme 4): whereas the KR of

| rac-5 and the desymmetrization

oxyanion H of meso-5 to yield the corre-

A5p187 ,( /_7 hole Asp187 sponding monoacetates occur

0™-"0 )\\ with very high selectivities (E>

: - _ ' R2 200), the acetylations from mon-

H\N/:N*/H 089'105 ‘ H\N/j Ser105 oacetates 6 tyo yield diacetates

His224 j)\H His224 acyl are not so selective. In the KR of

TS2 R¥°R* enzyme a racemic mixture of (R,R)-6 and

Scheme 2. Reaction mechanism of serine hydrolases. The esterification or transesterification involves two transi-

tion structures—TS1 and TS2—and one acyl enzyme intermediate.

substrate and the other with a covalently bound tetrahedral
phosphonate.® These X-ray structures have provided the basis
for several modeling studies. The enantiorecognition of chiral
secondary alcohols by CALB has previously been investigated
by minimization techniques® and molecular dynamics."”
There is also a modeling study of secondary amines based on
X-ray structures of CALB in complexation with (R)- and (S)-phe-
nylethylamine-phosphonates.””

Despite the usual high enantioselectivity of CALB towards
sec-alcohols, we have previously observed dramatic decreases
in selectivity in the cases of certain secondary alcohols bearing
keto or acetoxy groups a few carbons away from the carbinol
to be acetylated."? Loss of selectivity occurs in spite of the
fact that the steric bulk of the large group (vide supra,
Figure 1) is essentially unchanged. Interestingly, very high se-
lectivities are obtained for similar substrates not possessing
any functional group,”® as well as for those possessing a hy-
droxy group instead.'*' For example, the kinetic asymmetric
transformations (KATs) of diastereomeric mixtures of diols 1
and 2 (Scheme 3) proceed in both cases with pseudo E'

OH OH

)\/\( CALB, acyl donor
ntimind St Al
R

toluene
OH OAc

1(R=/Pr) pseudo E = 350 de=0
2 (R =Ph) pseudo E = 285
O (0]
CALB, acyl donor R
R)I\/Y toluene R)W
OH OAc
3 (R =Me) E=9
4 (R =Ph) E=22

Scheme 3. CALB-catalyzed KATs of diols 1 and 2 and KRs of y-hydroxyke-
tones 3 and 4.
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(S,5)-6 there is still a large differ-
ence between the enantiomers,
and the enzyme has a higher
preference for the former (E=
94). However, the KR of a racemic mixture of (R,S)-6 and ent-
(R,S)-6, derived from meso-5, proceeds with very low selectivity
(E=7; Scheme 4).'*

Molecular dynamics (MD) simulation of the tetrahedral inter-
mediate has previously been applied to estimate reactivities
and enantioselectivities in the cases of CALB,”'” Pseudomonas
aeruginosa,"® Pseudomonas cepacia,"” and Bacillus subtilis.'®

In the work reported herein, we used MD simulations to
study CALB enantiorecognition of a variety of sec-alcohols
bearing alcohol, keto, or acetoxy groups in the d-positions of
the alcohols undergoing enzyme-catalyzed esterification. A
model that is able to explain the experimental observations
should provide us with a better understanding of the impor-

A)
OH OH OAc
R Ky R ks R
R R ” R
OH OAc OAc
(RR)-5 E>200 (RR)-6 E=94 (RR)
(k1 >> k) (k3 >> ky)
OH OH OAc
/\/\\S/ ke /\/\S/ u? /\/\S/
S K S T S B
OH OAc OAc
(S,S)-5 (S,5)-6 (S,9)
B) QH
R
k k
5 ° { OAc
R,S)- s E

E > 200 =7 R
/S\/Y
OAc

>> Kg) > k7)
meso- 5 \ /
S

A
ent-(R,S)-6

Scheme 4. Experimentally determined E values of CALB-catalyzed sequential
esterification of A) rac-5, and B) meso-5 in toluene.
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tant features that govern the CALB-catalyzed acetylation reac-
tions of functionalized substrates.

Results and Discussion

We have performed a modeling study of the enantioselectivity
of CALB in complexation with secondary alcohols possessing
hydroxy, acetate, or keto groups in the &-positions relative to
the alcohol moieties undergoing acetylation by the enzyme.
The tetrahedral intermediates of the acetylation/deacetylation
reactions are mainly stabilized by the backbone peptide and
the hydroxy group of the Thr40 side chain. Thr40 thus plays a
central role for the activity of the enzyme, and its importance
has previously been investigated by Hult and colleagues."” Lo-
cated in the small selectivity pocket, Thr40 creates a pocket for

Thr 40
lle 285

Ser 105 Ala 281

Leu 278

Asp 187 His 224

Figure 2. Stereospecificity pockets of CALB with hexan-2-ol as substrate. For
clarity, only the a-hydrogen on the substrate and the hydrogen atoms on
the 2-methyl group are shown. The large pocket, shown in red, points to-
wards the entrance of the enzyme and holds the large substituent. The
methyl group in the 2-position points down into the medium pocket, the
size of which is limited by Trp104, shown in green. The a-hydrogen on the
chiral center resides in a small pocket limited by Thr40, which also helps to
stabilize the oxyanion by donating two hydrogen bonds. The figure shows
the two most important descriptors: the dihedral angle T1, which governs
the interaction with the medium pocket, and the distance D1, which gov-
erns the hydrogen bond distance between the substrate alcohol and His224.

the a-hydrogen atoms of (2R) substrates (Figure 2), whereas
for the more slowly reacting (25) substrates these same hydro-
gen atoms point in the opposite direction (mirror image con-
formation, as denoted by Kazlauskas and co-workers).”” Fur-
thermore, the carbonyl group of the Thr40 backbone introdu-
ces a hydrogen bond acceptor that can interact with the 8-
functional groups on the substrates. According to our simula-
tions, it can, for example, form hydrogen bonds to alcohol
groups in d-positions. These specific interactions seem to have
a dramatic impact on the selectivity.

Several individual 1 ns MD simulations for all diastereomeric
enzyme-substrate complexes were run and compared by sev-
eral geometric descriptors (all descriptors considered can be
found in the Supporting Information). No single descriptor was
able to give a complete explanation of the selectivity, so we
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evaluated all substrates separately to identify the vital interac-
tions. There are two key descriptors that were found to be of
great importance. One is the catalytic hydrogen bond distance
D1 from the substrate alcohol to His224, and the other is the
torsion angle T1 (Figure 2). For a reactive geometry, T1 should
have a value close to zero. This is because of the possibility of
stabilizing a nucleophilic attack of an incoming alcohol. Torsion
T1 also dictates the substrate interaction with the medium
pocket; torsions close to zero orient the substrate down into
the stereospecificity pocket and are thus found to enhance
enantiorecognition. The less reactive substrates exhibited un-
favorable interactions, indicated by higher torsion values. For
the substrates with high T1 torsion values, we observed that
the chiral centers in the 2-position are elevated slightly in
order to provide better interaction between the methyl group
and the medium pocket.

Secondary alcohols with aliphatic side chains

Unfunctionalized secondary alcohols are known to be acetylat-
ed by CALB with very high enantioselectivity (E values over
300).2" The R enantiomer of, for example, hexan-2-ol is able to
maintain a relaxed conformation with the methyl group point-
ing into the medium stereospecificity pocket. For the corre-
sponding S enantiomer we observed that a twisted conforma-
tion was needed to keep the methyl group in place. This twist-
ed conformation relaxes through breakage of the vital hydro-
gen bond to His224 (Figure 3) during the time course of the
MD simulation (Figure 4). The internal energies of the substrate
confirm that a higher-energy conformation is needed for the S
enantiomer to retain the hydrogen bond. This energy is re-
leased when the hydrogen bond is broken (Figure 4).

A) (R)-hexan-2-ol

~._His224 __

Asp 187

Stereo—
specificity
pocket

Trp 104
B) (S)-hexan-2-ol

Figure 3. A) (R)-Hexan-2-ol shows an ideal catalytic conformation in which
the hydrogen bond to His224 is retained during the simulation and the
methyl group points towards Trp104. B) In the case of (S)-hexan-2-ol the
hydrogen bond is broken when the oxygen is twisted upward.
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— (S)-hexan-2-ol
(R)-hexan-2-ol

] 0 ‘X by
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. . 0
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Figure 4. Top: Hydrogen bond distance between the substrate alcohol and
His224. A clear break in the distance can be spotted after 400 ps, indicating
that the hydrogen bond is broken in the case of (S)-hexan-2-ol. The hydro-
gen bond in (R)-hexan-2-ol is kept constant during the complete dynamics.
Bottom: Internal energies for the two substrate monomers. The higher
energy for (5)-hexan-2-ol is released when the hydrogen bond to His224 is
broken.

Secondary alcohols containing a 8-alcohol functionality

The modeled alcohol hexane-2,5-diol (5) has three different
isomers: (R,R)-5, (5,5)-5, and meso-5. The last of these can be
acylated by the enzyme either at the R secondary alcohol or at
the S secondary alcohol. Therefore, diol meso-5 can form two

FULL PAPERS

substrates can form hydrogen bonds to Thr40, which rigidifies
the substrates. A greater difference was observed for the tetra-
hedral intermediates formed from (5,5)-5 and from the S alco-
hol from meso-5 (compare entries 4 and 6, Table 1). The in-
creased difference reflects the unfavorable interaction between
the 2-methyl group and the medium selectivity pocket. We
therefore conclude that the &-stereocenters are involved in
similar interactions for all investigated diols and that enantio-
selectivity is dependent on the relative stereochemistry in the
2-positions, where the R configuration is favored.

Secondary alcohols with d-acetate functionality

If an acetoxy group is introduced at the d-position, the energy
differences associated with the different orientations due to
stereochemistry are considerably increased. In the active site of
CALB there are no hydrogen bond donors present that could
orient the ester group. All acetate substituents were found to
be positioned in a small polar cavity in the large binding
pocket formed by the side chain and the backbone of Ala281
and Ala282. Figure 5C shows two tetrahedral intermediates:
(R,R)-6 and (S5,5)-6. A favorable electrostatic interaction be-
tween the ester carbonyl oxygen and the peptide NH of
Ala282 could be identified for (R,R)-6, but with (S,5)-6 no such
interaction is possible (Figure 5C). From this observation and
from the determination of a higher T1 torsion value for (S,5)-6

different tetrahedral intermediates, one at the R alco-
hol and the other at the S alcohol. The interaction of
the alcohol bound to the enzyme resembles that of
hexan-2-ol in the simulation, but the 0&-hydroxy
group forms an additional hydrogen bond with the
backbone carbonyl group of Thr40. All four interac-
tions lead to similar binding conformations. Fig-
ure 5B shows two tetrahedral intermediates—(R)-
bound meso-5 and (S,S)-5—but the other two inter-
mediates—(R,R)-5 and (S)-bound meso-5—are very
similar: (R,R)-5 resembles (R)-bound meso-5, and (S)-
bound meso-5 resembles (S,5)-5. The conformation
with hydrogen-bonded &-alcohol is retained during
the complete dynamics, indicating the importance of
this interaction. The S secondary alcohol groups (that
is, those in (5,5)-5 and meso-5) are held in place in
spite of the unfavorable interaction in the 2-position,
unlike in the case of (S)-hexan-2-ol, in which the hy-
drogen bond to His224 was broken and the catalytic
conformation was lost. When the configuration of
the alcohol to be acylated is R, the tetrahedral inter-
mediates are in a more relaxed conformation than
those formed from the S alcohol. Interestingly, there
is no measurable difference between the tetrahedral
intermediate formed from (R,R)-5 and the tetrahedral
intermediate formed from the R alcohol of meso-5
(compare entries 3 and 5, Table 1). A possible explan-
ation might be that there is no large difference in
steric bulk when the &-stereocenter is changed, due
to the limited size of the alcohol group. Thus, regard-
less of the stereochemistry of the d-alcohol, both
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A) aliphatic side chain B) &-alcohol functionality

-—

[«

A
His 224 i

C) d-ester functionality

Thr 40

Trp 104

D) &-keto functionality

Ala 282

Figure 5. A) (R)-Hexan-2-ol is in an ideal conformation, whereas (S)-hexan-2-ol (indicated
by the arrow) adopts a twisted non-catalytic conformation. B) Thr40 forms a hydrogen
bond to the d-hydroxy group on all substrates: (5,5)-5 (arrow) and R-bound meso-5 are
shown. In the (5,5)-5 case, it can be observed that the (25) configuration enforces devia-
tion of the planar torsion T1, indicating a more slowly reacting substrate. C) Diol monoa-
cetate (R,R)-6 (arrow) aligns the carbonyl group towards the peptide NH of Ala282,
where stabilization by hydrogen bonding can occur. This conformation is not accessible
to (5,5)-6. This can explain the enzyme preference for the d-R acetates. D) With a keto
group in the d-position, the R and the S enantiomer both adopt a similar binding mode
in which the methyl group is elevated because of the electrostatic repulsion to Thr40.
The enantiorecognition by the selectivity pocket at Trp104 is lost.
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Table 1. Results from the MD simulations.
Substrate Distance D1 [A] Torsion T1 [°] E value®
OH
1 )R\/\/ 2.8+0.1 0420
(R)-hexan-2-ol
OH >300
2 TN 3.6+03 —88+18
(S)-hexan-2-ol
OH
R
3 )R\/\‘/ 2.8+0.1 —4+12
(RRX5 OH
OH > 200
4 - 27+40.1 15428
(S,5-5 OH
OH
5! R S 2.840.1 —6+12
meso-5 QH
OH >200
6" W 2.8+0.1 0+21
meso-5 QH
OH
R
7 )R\/Y 2.8+0.1 3+14
(RRY6 OAc
OH 94
8 I 27+40.1 26+14
(5,56  OAc
OH
A R
9 S 2.74+0.1 9422
(RS)6 OAc
OH 7
/'\/\S/
10 R : 28+0.1 14+19
OAc
ent-(R,S)-6
OH
1 M 2.8+0.1 19+16
(R-3 O 9
OH
12 S 2.7+0.1 21+14
(-3 ©
[a] Experimentally determined E values. [b] The alcohol to be acylated by
the enzyme is shown with an asterisk.

than for (R,R)-6 (entries 7 and 8, Table 1), a disfavored reaction
for the former enantiomer is predicted. For the tetrahedral in-
termediate originating from (R,S)-6 (monoacetate with acetate
in the R configuration; see the Supporting Information) there
will be an interaction with Ala282. To isolate the impact from
the remote group in the d-position, we compared monoace-
tate (R,R)-6 with ent-(R,S)-6. In this case, we observed a lower
dihedral angle T1 for (R,R)-6 (3° vs. 14°; compare entries 7 and
10 in Table 1), and also a smaller difference between them
(compare entries 7 and 10, Table 1). The T1 torsion for (R,S)-6
(Table 1, entry 9) indicates a higher reactivity. This could ex-
plain the experimentally observed low enantioselectivity in the
kinetic resolution of a racemic mixture of (R,5)-6 and ent-(R,5)-6
(Figure 1). The disfavored interaction with the (2S)-alcohol is
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compensated by a favorable &-interaction. We therefore con-
clude that the presence of an R or S acetate in the d-position
has an additional effect on the stereoselectivity, and that CALB
favors monoacetates that have the d-acetate in the R configu-
ration.

Secondary alcohols with 8-keto functionality

When a keto group is present in the d-position, the enzyme
loses almost all of its selectivity (Scheme 3). During the MD
simulation and in an additional systematic conformational
search, no conformation stabilized through hydrogen bonding
inside the binding pocket could be found. Instead, we found a
new binding mode in which the substrate is slightly elevated
from the active site (Figure 5D). The elevated binding mode
can be observed in the high T1 torsion values observed for
both enantiomers (19° and 21°), and the similarities of these
values indicate that the two enantiomers have similar binding
conformations. We believe that this binding mode is due to
electrostatic repulsion between the d-keto group of the sub-
strate and the Thr40 carbonyl group. While elevated, the inter-
action between the methyl group and the stereospecificity
pocket at Trp104 cannot be maintained by either the R or the
S enantiomer. The substrate can sacrifice this interaction of the
2-methyl group in order to compensate for the repulsion
forces. We thus conclude that the 6-keto functionality enforces
a nondiscriminating conformation in the active site pocket.

The presence of a keto group in the d-position results in the
sp>-hybridized carbon being two bonds closer to the active
site than in the case of the presence of an acetate. This situa-
tion could have further impact on the observed binding mode.

On the basis of this hypothesis, we propose that a water
molecule bridging the d-keto group with the backbone car-
bonyl of Thr40 should be able to restore the selectivity. We
constrained the water molecule to keep its hydrogen bond
with Thr40 and monitored the hydrogen bond with the 3-keto
substrate. In a second simulation, we introduced a hydrogen
bond donor into the enzyme by computationally mutating ala-
nine in position 281 to serine. Ala281 is located in the large
binding pocket close to the §-position (Figure 2). The results of
these simulations are reported in Table 2, and a picture of the
geometries observed can be found in the Supporting Informa-
tion. Indeed, simulations with a water molecule placed man-
ually next to Thr40 indicated that this additional hydrogen
bond could induce enantiodiscrimination by bringing the ste-
reocenter back into contact with the stereospecificity pocket.
We observed a difference of about 60° in favor of the R enan-
tiomer in the torsion angle T1 of the d-keto substrate. Al-
though the hydrogen bond distance remains unchanged, this
change in torsion would probably weaken the hydrogen bond
to His224, as observed for the diols and the monoacetates.
The introduction of a hydrogen bond donor in position 281
through an Ala281Ser mutation gave results comparable with
the hexan-2-ol case. Both descriptors—hydrogen bond dis-
tance and torsion angle T1—are ideal for the R enantiomer but
less favorable for the S enantiomer.
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Table 2. Simulation of two modifications that might increase enantiose-

lectivity with keto-containing substrates.
Substrate Simulation D1 [A] D2 [A]® T1[°]
OH

1 /'R\/\H/ Ala281Ser ~ 2840.1  3.2+05 5420
RX3 0O
OH

2 /S\/Y Ala281Ser 36402 30403  —90+13
(SK3 O
OH

3 /'R\AH/ water 28401  30+02  —4+13
(R3O
OH

4 /S\/\r( water 2.8+0.1 3.0+0.2 59442
(83 0

[a] Distance between the substrate keto group and the H-bond donor.

The suggested Ala281Ser mutant was produced by site-di-
rected mutagenesis (procedures for the mutagenesis can be
found in the Supporting Information), and the enantioselectivi-
ty of the mutant in kinetic resolution of 3 was measured in a
similar way to that previously described.'* The E value of the
mutant Ala281Ser obtained in enzymatic acylation of 3 was
120 (see the Supporting Information). This shows that a high
enantioselectivity for enzymatic acylation of keto alcohol 3 is
obtained by replacing alanine with serine in position 281 in
CALB, as predicted by the modeling. Further studies of this
mutant, to determine its scope and limitations in kinetic reso-
lution of other &-keto alcohols, are ongoing in our research

group.

Conclusions

We have investigated the enantioselectivity of CALB towards
several d-functionalized secondary alcohols by MD simulations.
The conclusion from our study is that the enantioselectivity
seems to be greatly influenced by the interaction between the
functional group in the 0-position and the surrounding
enzyme. We found the interaction with Thr40 to be especially
important. The Thr40 backbone carbonyl group introduces a
small polar environment close to the oxyanion hole that gives
rise to electrostatic interactions between the substrate and the
enzyme. In the case of diols, this interaction consists of a stabi-
lizing hydrogen bond that rigidifies the investigated substrate,
and the selectivity is only dependent on the configuration of
the 2-methyl group. The binding situation for the monoace-
tates differs from that of the diols in one key aspect; the 6-ace-
tate has no hydrogen bond donor. Instead, we found all ester
moieties to be located in a cavity between Ala281 and Ala282
at the upper rim of the large binding pocket. In our model the
d-(R)-monoacetates are favored through an electrostatic inter-
action of the carbonyl, in the acetyl group, and the NH group
of Ala282. With a keto group in the d-position, we could only
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find repulsive interaction with the backbone, favoring a non-
discriminating binding mode.

Our current model is qualitatively able to describe the enan-
tioselectivity of a series of d-substituted secondary alcohols on
the basis of geometric properties of their tetrahedral inter-
mediates. Understanding of the interaction of d-functionalities
might help us to identify problematic substrates in advance
and, by protein engineering, to expand the scope of biocataly-
sis.

Experimental Section

Preparation of the enzyme model: The enzyme model is based
on the 1TCA"” crystal structure of CALB. Excess water molecules
and water molecules in the active site were removed, and only
conserved backbone bridging water molecules were left in the
structure. Possible errors in the X-ray structure were investigated
with the aid of the WHAT_CHECK™ routine. Asp134 was protonat-
ed because of its predicted high pK, (7.18)** and its location close
to the catalytic Asp187. The prepared monomeric enzyme struc-
ture was initially minimized to remove any large gradients and
then equilibrated by MD at 300 K. All substrates were modeled as
their tetrahedral intermediates covalently bound to the enzyme.
The lipase mechanism has been reviewed by Ema,*” and the nu-
cleophilic attack of the free alcohol on the acyl enzyme to form a
tetrahedral intermediate is the overall rate-limiting step of the re-
action in most cases."®*! The transition states in enantioselective
serine hydrolase catalysis are known from some recent QM studies
in the gas phase™ and from QM/MM™?! to be geometrically and
energetically closely related to the tetrahedral intermediates, and
this supports the validity of our chosen modeling approach.

Computational methods: All MD simulations were performed with
the Moloc computational package and the MAB force field®” (MAB
mask used: 928, preserve stereocenter conformation, preserve cis-
trans conformation, ignore hydrogen bond between fixed atoms
and hydrogen bond scale for vacuum). Several individual 1 ns MD
simulations at 300 K were run for each substrate with use of Lan-
gevin-type dynamics and a step size of 2 fs. Coordinates were sam-
pled every 2 ps, leading to 500 individual structures per trajectory.
All descriptors were analyzed after an equilibration phase of 200 ps
with use of statistical median values. Solvation effects were simu-
lated by adding discrete toluene molecules in a half-sphere of 20 A
around all flexible parts of the enzyme. The advantage of the
chosen MAB force field is an extensively parameterized united
atom approach that is capable of modeling both the substrates
and the toluene molecules explicitly. It has been shown that the
MAB force field is able to describe lipase tetrahedral intermediates
equally well as CHARMM!™ or AMBER"® simulations. General force
field errors are expected to be in the range of 1-2 kcalmol™,
which makes absolute determination of the E value impossible,?
and allows only semiquantitative evaluations, as the E value range
of 20 to 200 represents energy differences of about 2-4 kcalmol ™.

(R)-5-Phenylpentan-2-ol was modeled into the active site, and a re-
action sphere of 10 A around the monomer was chosen and used
for all substrates. Substrates were modeled with crystal structures
of CALB with (R)- and (S)-phenylethylamine-phosphonates as refer-
ence." The binding mode was chosen so that all hydrogen bonds
were present. Stereospecificity pockets described as large refer to
the enzyme entrance pocket, medium to the pocket limited by
Trp104, and small to the pocket that is found next to the oxyanion
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hole near Thr40, in which the a-hydrogen at the stereocenter pref-
erentially resides (Figure 2).

The experimental reactions were performed in toluene as the sol-
vent. Standard biomolecular modeling approaches are parameter-
ized specially for aqueous solvents with use either of implicit solva-
tion or of explicit TIP- or SPC-water models. Modeling of enzyme
reactions in organic solvents therefore requires either the approxi-
mation of the hydrophobic solvent as a vacuum or a customized
parameterization of the solvent. For the CHARMM force field no
equilibrated boxes for non-aqueous solvents are published, where-
as for the AMBER parm99 force field, some organic solvents such
as DMSO, methanol, acetonitrile, or chloroalkyls®® are available for
condensed phase simulations and were used for studies on lid
movement in the case of Crl.?” Because CALB does not show struc-
tural changes when a substrate is coordinated® and does not con-
tain a large lid helix, we believed that it should behave more like
subtilisin Carlsberg, where the enzyme structure remained largely
unchanged when the crystal was soaked with organic solvents.®"
The use of molecular modeling approaches for enzymes in organic
solvent has been reviewed by Carrea.®? For the force field used in
this study, an implicit water model and a vacuum model with
adapted hydrogen bond strengths for vacuum simulations are
available. When comparing the three solvation models—the two
available in the force field and the discrete toluene cap (data not
shown)—we found that the full approach with explicit solvent
molecules was able to decrease the motion of the substrate in the
active site and therefore gave more consistent trajectories. We
thus concluded that the choice of solvation model is important for
reliable modeling of enzyme reactions in organic solvents.
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Enhanced Complexity and Catalytic Efficiency in the
Hydrolysis of Phosphate Diesters by Rationally Designed

Helix-Loop-Helix Motifs

Jesus Razkin,*' Johan Lindgren,” Helena Nilsson,™ and Lars Baltzer*®

HJ1, a 42-residue peptide that folds into a helix-loop-helix motif
and dimerizes to form a four-helix bundle, successfully catalyzes
the cleavage of “early stage” DNA model substrates in an aque-
ous solution at pH 7.0, with a rate enhancement in the hydrolysis
of heptyl 4-nitrophenyl phosphate of over three orders of magni-
tude over that of the imidazole-catalyzed reaction, k,(HJ1)/
k,(Im)=3135. The second-order rate constant, k,(HJ1) was deter-
mined to be 1.58x10~*m~"s™". The catalyst successfully assem-
bles residues that in a single elementary reaction step are capa-
ble of general-acid and general-base catalysis as well as transi-
tion state stabilization and proximity effects. The reactivity ach-
ieved with the HJ1 polypeptide, rationally designed to catalyze

Introduction

The engineering of novel man-made catalysts tailored for spe-
cific functions with the efficiency and selectivity of natural en-
zymes remains a considerable challenge in spite of the large
efforts invested in this intriguing and important problem. The
main difficulty is encountered at the molecular level, at which
the bringing together of several residues to perform several
catalytic functions simultaneously in the same elementary, and
rate limiting, reaction step requires the design of highly com-
plex structures. In this context, a key role is played by de novo
designed proteins." They can accommodate both natural
and non-natural amino acids, organized in a variety of different
geometries, to generate many potential catalytic sites for im-
portant chemical reactions, to test concepts of catalysis in a
rational way. We reported previously on the reactivity of func-
tionalized helix-loop-helix dimers® and have now embarked
on a search for new and efficient catalysts for the hydrolysis of
polynucleotides, using four-helix bundle polypeptides as
simple but powerful scaffolds with the goal to combine gener-
al-acid/general-base catalysis with substrate binding and tran-
sition state stabilization by rational design.

Transmembrane signaling and cellular energy regulation, as
well as many biosynthesis pathways," take advantage of phos-
phorylation reactions, and phosphodiester bonds constitute
the backbones of DNA and RNA. Nucleic acids have become a
key target in drug development because of their role in the
transmission of genetic information and the expression of pro-
teins in vivo. The successful design of artificial nucleases with
specific cleaving activity could thus provide powerful thera-
peutic tools. The phosphoester linkages involved are extremely
stable and resistant to hydrolysis.”) Enzymes that have evolved
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the hydrolysis of phosphodiesters, is based on two histidine resi-
dues flanked by four arginines and two adjacent tyrosine resi-
dues, all located on the surface of a helix-loop-helix motif. The
introduction of Tyr residues close to the catalytic site improves
efficiency, in the cleavage of activated aryl alkyl phosphates as
well as less activated dialkyl phosphates. HJ1 is also effective
in the cleavage of an RNA-mimic substrate, uridine-3'-2,2,2-
trichloroethyl phosphate (leaving group pK,=12.3) with a
second-order rate constant of 8.23x10~*m~"s™" in aqueous solu-
tion at pH 7.0, some 500 times faster than the reaction catalyzed
by imidazole, k,(HJ1)/k,(Im)=496.

to catalyze their hydrolysis are among the most efficient
known, with rate enhancements of eighteen orders of magni-
tude or more, stemming from a combination of general-acid
and general-base catalysis, nucleophilic catalysis, transition
state stabilization, and proximity effects. Thus the design of
nucleases that match the efficiency of natural ones constitutes
a formidable but interesting challenge.”

Metallonucleases have so far attracted the most interest as
model catalysts” because metal ions are often found in the
active sites of natural enzymes that cleave phosphodiester
bonds.®! The advantages of using metals for biochemical reac-
tions arise from their affinity for basic nitrogen and oxygen
donor ligands, their capacity to support large aromatic archi-
tectures capable of m interactions with the nucleic acid build-
ing blocks, their ability to directly hydrolyze phosphodiester
linkages, and the possibility of promoting redox chemistry or
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generating reactive oxygen-derived species.” Yet, there are
also problems still to be solved, as the time-dependent ex-
change reactions of metal ions,”? the slow penetration into
cells of metal ion chelates tethered to oligonucleotide based
drugs,” or the need for more efficient binding to the target
nucleic acid,”>9 often too dependent on direct coordination to
the metal center.

Remarkable results in terms of cleavage activity as well as
sequence recognition have also been achieved with metal-free
catalysts:  diethylenetriamine-ODN  (oligodeoxyribonucleo-
tides),"” imidazole containing ODNs,""" peptides conjugated to
ODNs," methanephosphonate ODNs with an imidazole/amino
or diimidazole cleaving agent,™ a PNA (peptide nucleic acid)
conjugate of neamine," and a PNA-linked diethylenetriamine
moiety."” Recently, it has been shown that tris(2-aminobenzi-
midazoles) attached to DNA oligonucleotides act as efficient
nucleases, with substrate and site selectivity as well as satura-
tion kinetics, demonstrating the catalytic power of metal-free
systems.['®

In this context, we have shown!” that HNI, a 42-residue
peptide that folds into a helix-loop-helix motif and dimerizes
in an antiparallel fashion to form a four-helix bundle, success-
fully catalyzes the intramolecular phosphoryl transfer reaction
and cyclization of an RNA-mimic substrate, uridine-3'-2,2,2-tri-
chloroethyl phosphate™ (1) in aqueous solution at pH 7.0,
with a rate enhancement of more than two orders of magni-
tude over that of the imidazole-catalyzed reaction, k,(HNI)/
ky(Im)=252.

0
x
0
rLOH rkOH
o on ¢ ?
-0—h=0 -0—RF=0 -O—h=O
7 ? 7
CH CH,
CCly CCly
NO,
1 2 3

The key to efficient catalysis is to combine several catalytic
functions acting in the rate-limiting elementary reaction step.
The catalyst HNI was able to combine general-acid/general-
base catalysis with transition stabilization. However, substrate
binding was not observed. We believe that it is ultimately the
systematic introduction of catalytic components in scaffolds of
high complexity that will bring designed catalysts to a level of
efficiency that matches those of native enzymes.

We report herein on the catalysis of cleavage of a series of
activated alkyl aryl phosphate diesters 4-7 as “early stage”
DNA model substrates executed by de novo designed folded
polypeptides. The lack of the 2'-OH group of RNA-mimicking
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substrates increases the level of complexity needed for DNA
hydrolysis, as the nucleophile that attacks the phosphate ester
has to be provided by the catalyst. Tyrosine residues were in-
troduced close to the active site designed for RNA hydrolysis
and improved catalysis of cleavage of alkyl aryl phosphates
has been achieved representing an important advance in
rational catalyst design. We also wish to report that we have
used the hydrophobic character of the helix-loop-helix dimer
and obtained productive binding of hydrophobic substrates
and enhanced catalytic efficiency.

Results and Discussion

Our understanding of how to design polypeptide catalysts
with enzyme-like activity remains modest because of the chal-
lenge of organizing sophisticated reactive sites in well-defined
geometries in three-dimensional space. Nevertheless, the re-
sults obtained in studies of simple model catalysts suggest
that several catalytic functions may be implemented co-opera-
tively in scaffolds with complexities that are modest in com-
parison with those of native protein catalysts.

We have focused on the development of the four-helix
bundle motif, a robust but sophisticated peptide scaffold. It is
conveniently synthesized with site-selective introduction of
functionality (Figure 1) and it ensures water solubility for cova-
lently linked groups. Folded polypeptides provide a high
degree of design versatility and ample possibilities to system-
atically modify active site geometries for structure-activity
studies.

We have demonstrated previously'” using the HNI peptide
that it is possible to implement a combination of general-acid/
general-base catalysis and transition state stabilization in the
cleavage of the activated “early stage” RNA model 2-hydroxy-
propyl p-nitrophenylphosphate, HPNP (2), the less reactive
substrate  2-hydroxypropyl-2,2,2-trichloroethylphosphate  (3),
and the more realistic RNA-mimic, uridine-3'-2,2,2-trichloroethyl
phosphate (1). Those results encouraged us to optimize and
refine the catalytic site of the polypeptide further and to test
the catalysis of the cleavage of more difficult targets, such as
DNA analogues. We have now introduced into the catalyst a
nucleophile positioned to attack the phosphate ester, and set
out to explore the possibility of obtaining substrate binding,
the hallmark of enzyme catalysis.

[17]
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Figure 1. The modeled structure of the helix-loop-helix motif and the amino
acid sequence of HJ1. The one letter code for the amino acids is used; Nle
is norleucine. The C-terminal is amidated and the N-terminal is acetylated.
Only the side chains of the residues designed for catalysis are shown. The
dimer is the catalytically active peptide but only the monomer is shown for
clarity of presentation. In solution, the dimer dissociates at low-um concen-
tration to form unordered and catalytically inactive monomers. The insert il-
lustrates one of the possible interactions between active site residues and
substrate.

Catalyst design

The designs of the peptides reported herein, HJ0-HJ3 were
based on the design of HNI (H. Nilsson, J. Razkin, and L. Baltzer,
unpublished), which was based on the sequence of the de
novo designed template polypeptide SA-42""% and on the un-
derstanding that evolved from extensive studies of structure
and dynamics of the parent peptide and of the polypeptides®”
derived from it. All these 42-residue sequences were designed
to fold into two amphiphilic helical segments linked by a four-
residue loop, form a hairpin helix-loop-helix motif, and dimer-
ize in an antiparallel mode to form a four-helix bundle.!"

The design of those peptides is based on the heptad repeat
pattern®®” (a-b-c-d-e-f-g), in which the residues in the a and d
positions form the hydrophobic core, those in the c and g po-
sitions form the exposed surface of the dimmer, and the resi-
dues in the b and e positions are at the dimer interface and
control dimerization. The main arguments to select the amino
acids were their propensities for secondary structure forma-

ChemBioChem 2008, 9, 1975 - 1984

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPERS

tion®" and their ability to stabilize the helical folded structure

by formation of salt bridges and by stabilization of the helix
dipole moment.” The C and N termini were capped by amida-
tion and acylation, respectively. Shape complementary hydro-
phobic interfaces were obtained by judicious choices of
leucine, isoleucine, norleucine, and phenylalanine residues to
form hydrophobic interactions between amphiphilic helices
upon folding, thus driving the formation of the helix-loop-helix
hairpin and its dimerization.

The reactive sites of the HJ sequences (Figure 2) were based
on that of HNI, which has been shown previously to efficiently
catalyze cyclization reactions of RNA mimics.'” The sequences

@R:! | 15R—
14R —R3z 14R FR33
R3 R34
— 11H—
m-iz-‘: H26
15R—! H30 451 '
14R7 - Raz 4R —R33
— R34 |~ R34

-
n I
I

|

HJ3

i 8H
‘ HJ2

Figure 2. Schematic representation of the HJ0-HJ3 peptides. Only the resi-
dues incorporated for catalysis and the amino acids that differ from those of
the sequence of HNI are shown.

HJO-HJ2 deviate from that of HNI in only two positions, and
the sequence HJ3 deviates in only four positions. The fact that
the cyclization of uridine-3'-2,2,2-trichloroethyl phosphate (1)
catalyzed by HNI did not follow saturation kinetics"” in the
concentration range from 5-40 mwm of substrate pointed clear-
ly to the need for improved substrate binding as one key
factor in the development of the catalyst. Another key compo-
nent required for the hydrolysis of DNA mimics was nucleo-
philic assistance and Tyr residues are capable of providing nu-
cleophilic catalysis through its hydroxyl group. Thus, two Tyr
residues were introduced close to the catalytic site, to allow
hydrophobic interactions with the substrates and in positions
to provide nucleophilic catalysis in phosphodiester hydrolysis.

HJO is a reference sequence in which the His residues in
positions 11 and 30 of HNI were replaced by Tyr residues to
probe the unique role of the histidines in the active site. In the
sequence HJ1, tyrosine residues were incorporated in positions
that flank the His groups, that is, in positions 8 and 26, to sup-
plement and improve on the catalytic site of HNI and investi-
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gate the possibility of providing nucleophilic attack on the
phosphate group and enable the efficient hydrolysis of DNA-
mimicking substrates. In HJ2 the tyrosine residues of HJ1 were
replaced by serines to investigate the structure-activity rela-
tionship of the potential nucleophiles and in HJ3 the positions
of tyrosine and histidine residues were reversed in comparison
with those in the sequence of HJ1. HJ3 was to act as a nega-
tive control and probe the requirements for specific position-
ing of catalytically active groups in the active site. The choice
of tyrosine residues was guided by the considerations de-
scribed above and also by the frequent occurrence of tyrosine
residues in binding sites in proteins.

As a result of their large sequence homology with the
parent polypeptides, which were extensively characterized!*"
by NMR and CD spectroscopy and by analytical ultracentrifuga-
tion, a detailed analysis of the solution structures of the HJ
series of peptides has not been carried out. We assume, based
on the similarities with the parent sequences, that HJ0-HJ3
adopt the same fold. The mean residue ellipticity of a polypep-
tide at 222 nm, @,,,, is an established probe of helix formation
and a good reporter of dimer formation for the sequences
mentioned here. All sequences derived from the SA-42 family
of peptides show strong concentration dependence and low
helical content in the monomeric state. The CD spectrum of
HJ1 shows the hallmarks of a helical protein,”® with minima at
208 and 222 nm (see the Supporting Information). The mean
residue ellipticity of HJ1 at 222 nm was —22970°cm?dmol ™' at
a concentration of 0.226 mm, pH 7.0, and room temperature,
which is well within the range of other sequences derived
from SA-42 that have been shown to fold into helix-loop-helix
dimers. The CD spectrum of HNI also shows the minima at 208
and 222 nm typical of helical sequences and the mean residue
ellipticity at 222 nm at 0.5 mm concentration and pH 7.0 was
—20390 degcm?dmol~". We conclude therefore, that HJ1 folds
under those conditions into a helix-loop-helix motif that dimer-
izes to form a four-helix bundle. The peptides were synthe-
sized by solid-phase peptide synthesis on an automated pep-
tide synthesizer, using standard Fmoc protocols (9-fluorenyl-
methoxycarbonyl protection group). They were purified by
reversed-phase HPLC and identified using MALDI-TOF mass
spectrometry (Supporting Information).

Substrate design

Uridine-3'-2,2,2-trichloroethyl phosphate (1) has been used as
a mimic of RNA because of its leaving group pK, of 12.3,%
which is close to that of a ribose 5'-OH, 14.3%* and more than
five pK, units higher than the pK, of p-nitrophenol, which is
7.1 Its hydrolysis is energetically less favorable than that of
commonly used activated model substrates with p-nitrophenyl
leaving groups and represents, therefore, a more realistic
model substrate for the evaluation of catalysts capable of
cleaving RNA. It is intramolecularly cyclized under the same
conditions as HPNP, and under the release of 2,2,2-trichloro-
ethanol. The reaction mimics the first step in enzyme-catalyzed
RNA hydrolysis in which the 2'-OH group attacks the phospho-
rus atom to form the cyclic intermediate under the release of
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the 5-OH from the neighboring nucleotide. It has the nucleo-
phile in a fixed position relative to the phosphate group as in
RNA and is therefore reactive enough for its cyclization to be
conveniently studied by standard kinetic methods. Substrates
(2) and (3) are also mimics of RNA, the former an activated
one and the latter less so, due to the higher pK, of the trichlor-
oethyl leaving group. Both of these substrates have rotatable
bonds and therefore less preorganization than 1 in which the
2’-OH is in position for nucleophilic attack. Substrate 3 is fairly
unreactive.

Substrates that mimic DNA have no intramolecular nucleo-
phile to attack the phosphate ester and the nucleophile has to
be provided by the catalyst. The attack by water or the hydrox-
ide ion is slow at neutral pH. DNA mimics are therefore inher-
ently less reactive, everything else being equal, than RNA
mimics. A set of nitrophenyl phosphate diesters (compounds
4-7) was prepared to be used as activated “early stage” DNA
models to test the efficiency of the designed peptide catalysts
in DNA cleavage. As there is no intramolecular nucleophile, the
reduction of the rotational degrees of freedom is unimportant
in the substrates. Because of the lower inherent reactivity of
DNA mimics in comparison with RNA mimics, the use of more
realistic and less reactive substrates has to await the develop-
ment of more mature catalysts.

The structures of the substrates used here were inspired by
that of the simple RNA analogue HPNP (2) but without its
characteristic 2-hydroxy group, thus mimicking the absence of
intramolecular nucleophilic assistance found in DNA hydrolysis.
Linear primary alcohols with increasing numbers of carbon
atoms were selected to form the phosphate diesters 4-7 in an
attempt to achieve substrate binding through hydrophobic
interactions with the catalyst. The selected substrates thus con-
stitute a set of nucleic acid models showing a systematic varia-
tion in the degree of hydrophobicity but with rather modest
variation in inherent reactivity. In 4 a more reactive leaving
group (pK,=6.4)*"' was introduced to allow a comparison with
6 that is equally hydrophobic but less reactive. Two activated
phosphate monoesters were also synthesized, p-nitrophenyl-
phosphate and 2,4-dinitrophenylphosphate, but their back-
ground hydrolysis was too fast to make studies of catalysis
meaningful and they were abandoned.

Three activated esters 4-nitrophenyl acetate (8), 4-nitrophen-
yl butyrate (9), and 4-nitrophenyl octanoate (10) were studied
in order to investigate the esterase activity as well as self-cata-
lyzed modification of the catalysts HJ0-HJ3.

)(LO@NOZ A)Oko«i>fNoz
MOONOZ
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Catalysis of hydrolysis of substrates that mimic DNA

The four-helix bundle is a versatile scaffold where several cata-
lytically active residues can be incorporated in predetermined
positions. Having demonstrated previously the capacity of HNI
for catalyzing the cyclization of substrates 1-3 with considera-
ble efficiency, we decided to turn to an even more ambitious
goal, the hydrolysis of phosphate diesters that mimic DNA in
which no intramolecular nucleophile is available. In addition,
we wished to probe the use of hydrophobic interactions be-
tween substrates having an aliphatic substituent and hydro-
phobic groups in the polypeptide catalyst to enhance the cata-
lytic efficiency by exploiting proximity effects. Tyrosine residues
were incorporated close to the active site designed previously
for the catalysis of cyclization of RNA models. In this site, argi-
nine residues were introduced to bind with differential affini-
ties to the negatively charged phosphate groups of the sub-
strates and to the even more negatively charged transition
states by electrostatic interactions and hydrogen bonding. The
reactive site was further composed of two histidine residues to
provide nucleophilic, general-acid and/or general-base cataly-
sis, Figure 1. The protonated and unprotonated forms of the
imidazole groups are capable of binding substrates, intermedi-
ates, and transition states in addition to providing general-
acid, general-base catalysis, as they are good proton donors
and acceptors with pKa values at around seven. We found"”
that the catalyst HNI equipped with this reactive site was capa-
ble of catalyzing the cyclization of activated and poorly activat-
ed phosphate diesters with more than two orders of magni-
tude of rate enhancement over that of the imidazole-catalyzed
reaction. The reactivity achieved with the designed polypep-
tide HNI was probably due to a combination of general-acid
and general acid-base catalysis, as suggested by the pH de-
pendence and the observed kinetic solvent isotope effect, as
well as to transition state stabilization. There was no evidence
for substrate binding.

In addressing the problem of catalyzing the hydrolysis of
DNA model substrates, the second-order rate constants were
determined for reactions of substrates with almost identical
hydrophobicity but different reactivity, and of substrates with
almost identical reactivity but different hydrophobicity. For
both of these two sets of experiments, peptide catalysts HO-
HJ3 with Tyr or Ser residues were compared to HNI, which has
no internal nucleophile for DNA hydrolysis. The objective was
to evaluate the possibility of obtaining rate enhancements due
to binding of hydrophobic substrates as well as to nucleophilic
catalysis.

The rates of hydrolysis of 4 and 6 were determined in the
presence of the peptide catalysts HNI and HJO-HJ3, and the
second-order rate constants determined in 50 mm HEPES
buffer at pH 7.0 and 313 K, Table 1. The two substrates were of
essentially identical hydrophobicity but with different reactivity
because of the different pKa values of the leaving groups. The
reactions were conveniently monitored by measuring the
increase in absorbance at 405 nm or 424 nm due to the forma-
tion of the 4-nitrophenolate or 4-chloro-2-nitrophenolate
anions as a function of time, and the rate constants were cal-
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Table 1. Second-order rate constants, k, [M~'s™'], for the peptide-cata-
lyzed cleavage® of 4 and 6.

Catalyst 4 6
HNI 541x107* 3.81x107°
HJO 1.70x107° 4.52x10°°
HJ1 5.48x107* 8.57x107°
HJ2 462x107" 297x107°
HJ3 2.99%107* 3.18x107°

[a] Conditions: 2 mm of substrate, 1 mm of peptide, 313 K, pH 7.0 (50 mm
HEPES buffer solution).

culated from the slopes of the linear plots obtained under con-
ditions of initial rates (Figure 3). The slopes of the plots of con-
centration versus time, after subtraction of the background re-
action rates, were divided by the substrate and peptide con-
centrations to give the second-order rate constants, k,, an ap-
proach that is valid for reactions that do not follow saturation
kinetics.
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Figure 3. Kinetic profile for the initial rate of cleavage of 7 at pH 7.0 and

313 K by 1 mm HJ1 (“peptide”), by 50 mm imidazole (“imidazole”), and by
spontaneous background hydrolysis (“blank”). The best fit of a straight line
to the experimental data was obtained by linear regression. The substrate
concentration was 1.5 mm in 50 mm HEPES buffer solution and the reactions
were followed by vis. spectroscopy at 405 nm.

Substrate 4 is inherently more reactive, by approximately an
order of magnitude, than 6, due to the lower basicity of the
leaving group. As expected, the peptide catalyst without His
residues, HJO, was the least efficient in catalyzing the hydroly-
sis of both substrates, a 30-fold lower second-order rate con-
stant than that of HJ1 in the reaction of 4, and a 20-fold lower
rate constant than HJ1 in the reaction with substrate 6. How-
ever, catalysis and the reactivity of the peptide catalysts is not
due to His residues alone, although they contribute general-
acid/general-base catalysis. HJ1, the peptide catalyst with Tyr
residues incorporated close to the His residues was the most
efficient catalyst. It was gratifying to find that the catalysis of
HJ1 in comparison to that of HNI was more pronounced for
the less reactive substrate 6, by a factor of 2.2. The importance
of catalysis is expected to increase the lower the reactivity of
the substrate, whereas very reactive substrates do not need
catalysis. Although a factor of 2.2 is not dramatic it suggests
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that the Tyr residues contribute to catalysis by nucleophilic as-
sistance or alternatively by hydrogen bonding in the transition
state. As the hydrophobicity of the two substrates is almost
identical, the difference in reactivity is not likely to be due to
hydrophobic interactions.

The two most efficient catalysts HJ1 and HNI were both
studied with regards to their capacity for catalyzing the hydrol-
ysis of substrates 5, 6, and 7, in which the hydrophobicity was
systematically varied. The second-order rate constants shown
in Table 2 reveal that, in general, the more hydrophobic the

Table 2. Second-order rate constants, k, [M~'s™'], for the HNI- and HJ1-
catalyzed cleavage® of 5-7.

Catalyst 5 6 7
HNI 0.74x10°° 3.81x10°° 1.01x107*
HJ1 4.04x107° 8.57x107° 1.58x107*

[a] Conditions: 1-2.2 mm of substrate, 1 mm of peptide, 313K, pH 7.0
(50 mm HEPES buffer solution).

substrate the faster the reaction, in spite of the fact that the in-
trinsic reactivity is not expected to be very different. The only
factor affecting the relative intrinsic reactivities of 5, 6, and 7,
is the difference in inductive effects by the aliphatic substitu-
ents on the pKa of the alcohols, and that difference is expect-
ed to be insignificant. Again, the reaction is faster when cata-
lyzed by HJ1 than by HNI in all cases and more so for the least
reactive substrate. The hydrophobic effects are not due to in-
teractions with the aromatic rings of Tyr residues, as the rate
constants increase more with increased hydrophobicity also in
the reactions catalyzed by HNI where no tyrosines are present.
Instead, it is most likely that the longer aliphatic chains interact
better with the hydrophobic core of the folded polypeptides,
an effect observed previously in the hydrolysis of activated
ester substrates.”

The largest difference between HJ1 and HNI was observed
for catalysis of hydrolysis of the substrate with the shortest
aliphatic substituent, 5, with a rate constant ratio of 5.5. The
ratio is significant and suggests strongly that one or both of
the Tyr residues contribute to catalysis by nucleophilic assis-
tance, although a hydrogen bond to the leaving group can
not be ruled out.

The catalytic efficiency of HJ1

In order to evaluate the efficiency of catalysis, a reference reac-
tion was chosen for comparison. The active sites of HJ1 and
HNI contain Arg, His, and in the case of HJ1, Tyr residues. The
functional group of Arg is the guanidino residue, a commonly
used denaturant. It has a high pKa value in aqueous solution.
It is ionized at neutral pH and therefore exerts a salt effect on
the reaction in addition to denaturing the catalyst. In principle,
guanidinium chloride could be used as a reference but the in-
teractions between phosphate and the guanidinium ion are
weak and the expected denaturation of the polypeptide scaf-
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fold rules out the use of guanidinium chloride as reference.
The imidazole residue of the His group was instead chosen for
comparison as it is capable of general-acid and general-base
catalysis. Thus, we determined the efficiency of both peptides
HJ1 and HNI in catalysis of hydrolysis of the least hydrophobic
substrate, ethyl 4-nitrophenyl phosphate (5) and the most hy-
drophobic substrate, heptyl 4-nitrophenyl phosphate (7), and
compared the second-order rate constants to that of imida-
zole, Table 3. We found that the rate constant ratio, k,(HJ1)/

Table 3. Second-order rate constants, k, [M~'s'], and rate enhance-
ments for the imidazole, HNI- and HJ1-catalyzed cleavage®™ of 7.

Catalyst 5 7 Rate enhancement
k,(Pep)/k,(Im)

imidazole 9.48x1078 5.04x10°8

HNI 0.74x107° 1.01x107* 78/2004

HJ1 4.04x107° 1.58x10°* 426/3135

Rate enhancement 5.46 1.56

ky(HJ1)/ky(HNI)

[a] Conditions: 1-2.2 mm of substrate, 1 mm of peptide, 50 mm of imida-
zole, 313 K, pH 7.0 (50 mm HEPES buffer solution).

ky(Im), for the most hydrophobic substrate was 3135 whereas
in the case of HNI the corresponding ratio was 2004. For 5 the
rate constant ratio k,(HJ1)/k,(Im) was 426, whereas the rate
constant ratio k,(HNI)/k,(Im) was 78. The relative efficiencies in
the catalysis of 7 was ky(HJ1)/k,(HNI) = 1.6, whereas in the cat-
alysis of 5 it was 5.5. The catalysis obtained with HJ1, providing
a rate enhancement of more than three orders of magnitude
in the catalysis of the hydrolysis of 7 compared to imidazole,
which constitutes a very interesting result in terms of catalyst
design using folded polypeptides, as it demonstrates that it is
possible to take advantage of hydrophobic interactions be-
tween catalyst and substrate in a productive manner. The
result is independent of the reaction to be catalyzed and of
general applicability. The relatively small difference in reactivity
between HNI and HJ1 implies that in this case catalysis is not
influenced by Tyr residues, but by proximity effects due to in-
teractions between hydrophobic substituents and the polypep-
tide scaffolds. The reactivity difference between HJ1 and HNI
in the catalysis of 5 is clearly dependent on the presence of
Tyr residues, but not their hydrophobic character as 5 is the
least hydrophobic substrate. Instead the results suggest nucle-
ophilic catalysis, or possibly hydrogen bonding in the transi-
tion state between the phenolic hydroxyl group of one or two
Tyr residues and one or more oxygens in the phosphate
group. These two results indicate that the binding of 7 due to
hydrophobic interactions and the catalytic function of the Tyr
side chains at this stage of catalyst design are mutually exclu-
sive, and not co-operative. In a situation in which co-operativi-
ty can be obtained, sizeable rate enhancements are to be ex-
pected. A polypeptide sequence in which the Tyr residues of
HJ1 were replaced by Phe was synthesized in order to measure
directly the effect of the hydroxyl groups. The sequence was
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unfortunately only poorly soluble and no kinetic experiments
could be carried out.

Salt effects on catalysis

Due to the ionic character of the hydrolysis reaction, in which
a negatively charged substrate is converted to an even more
negatively charged transition state, which in the peptide-cata-
lyzed reaction interacts with positively charged Arg residues,
ionic effects on catalysis are to be expected. As a model reac-
tion, the HNI-catalyzed cyclization of HPNP was used, and the
effect of NaCl determined. The second-order rate constants
were determined by measuring the pseudo first-order rate
constants at three different concentrations of catalyst and plot-
ting them as a function of catalyst concentration. The best fit
of a straight line to the experimental results provided the
second-order rate constants.

As expected, based on mechanistic arguments, the second-
order rate constant for HNI-catalyzed cyclization of HPNP, k,=
3.1x107°m's™" at 313 K in 50 mm Bis-Tris buffer, pH 7.0, and
a substrate concentration of 10 mm, increased somewhat to
k,=5.0x10"m's™", upon addition of 75 mm NaCl. In the ab-
sence of salt the substrate itself gives rise to a salt effect and
the second-order rate constant decreases by a factor of more
than two in the presence of 10 mm HPNP in comparison with
the reaction carried out at a substrate concentration of 2 mm.
At a concentration of 20 mm HPNP, k, is somewhat lower than
that at 2 mm, but higher than at 10 mm. The reaction catalyzed
by HNI is clearly affected by the medium, although the inter-
pretation is complex. In contrast, the imidazole-catalyzed reac-
tion is virtually unaffected by the concentration of substrate
and NaCl, because the interaction between catalyst and sub-
strate has very little ionic character.

Catalysis of hydrolysis of uridine-3'-2,2,2-trichloroethyl
phosphate by HJ1

In view of the similarity in mechanism between reactions that
mimic the hydrolysis of RNA and DNA, the catalysts should be
interchangeable. In fact, when HJ1 was used to catalyze the
cyclization of uridine-3'-2,2,2-trichloroethyl phosphate (1) in
aqueous solution at pH 7.0 and 313 K, the second-order rate
constant was found to be 82x10*m's™', whereas it was
42x107*m~'s™" under the same conditions for HNI and 1.7 x
107°m~'s™' for the imidazole-catalyzed reaction (Table 4). The
rate constant ratio, k,(HJI)/k,(HNI), was a factor of two. A rate
constant ratio close to 500 (k,(HJI)/k,(Im)=496) relative to imi-
dazole in the catalysis of cyclization of 1 is promising and sug-
gests that further modifications can be used to optimize the
catalyst further in a stepwise and rational fashion.

Covalent modification of the peptide catalysts

In view of the fact that the active site of each peptide catalyst
had the capacity for transition state stabilization of phosphoryl
transfer reactions, we investigated the possibility that the Tyr
side chains might in fact become phosphorylated. A mecha-
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Table 4. Second-order rate constants, k, [M~'s™'], and rate enhance-
ments for the imidazole, HNI- and HJ1-catalyzed cleavage®™ of 1.

Catalyst 1 Rate enhancement
k,(Pep)/k,(Im)

imidazole 1.66x107°

HNI 4.18x107* 252

HJ1 8.23x107™* 496

Rate enhancement k,(HJ1)/k,(HNI) 2

[a] Conditions: 2 mMm of substrate, 1 mm of peptide, 50 mm of imidazole,
313 K, pH 7.0 (50 mm HEPES buffer solution).

nism for which nucleophilic catalysis was invoked might be ex-
pected to leave some fraction of the catalyst covalently modi-
fied, although if the dephosphorylation of the tyrosine side
chains was much faster than phosphorylation, no intermediate
would build up to detectable concentrations. After completion
of the kinetic experiments the peptides were analyzed by
MALDI-TOF mass spectrometry. Phosphorylation was not ob-
served for any of the peptide catalysts after reaction with 1-7.
It seems that this observation is not compatible with a mecha-
nism in which covalent intermediates are postulated. However,
it must be taken into consideration that catalytic machinery
that is capable of forming a covalent conjugate in an intermo-
lecular reaction will also be able to hydrolyze it in an intramo-
lecular, and faster, reaction. Thus, very little phosphorylated
intermediate would be expected to build up. Although it is
possible that the Tyr side chains contribute to transition state
stabilization through hydrogen bonding, nucleophilic catalysis
seems more likely due to the high nucleophilicity of Tyr resi-
dues.

In contrast, when the peptides were reacted with activated
aliphatic esters 8-10 acylation of all peptides was found.
Under conditions of equimolecular amounts of peptide and
substrate, the level of modification was only partial, but under
conditions of excess substrate over peptide, all peptides were
monoacylated and di- and tri-acetylated peptides were detect-
ed in considerable amounts. The acylation of peptides by acti-
vated esters observed herein is in agreement with previous
studies® showing that these folded four-helix bundle poly-
peptides are suitable scaffolds for the efficient, site-selective,
and stepwise incorporation of acyl groups.

The activated esters 8-10 were mainly used to study the ca-
pability of the peptides to trap intermediates along the reac-
tion pathway and not to investigate the catalytic activity of the
folded polypeptides with regards to ester substrates, because
the peptides were not optimized for esterase activity. However,
apparent rate constants were determined (Table 5) and again,
HJO, the peptide without His residues, was the slowest where-
as the peptides with tyrosines in their sequences, HJ1 and HJ3,
were the most efficient in all experiments, both of them better
than the parent peptide, HNI. Surprisingly, the peptide in
which the positions of His and Tyr (positions 8-11 and 26-30)
were interchanged, HJ3, was the most efficient—more than
three times faster than HJ1 and almost five times as fast as
HNI. The reason that HJ3 was the fastest is probably that there
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Table 5. Second-order rate constants, k, [M~'s™'], for the peptide-cata-
lyzed cleavage™ of 8-10.

Catalyst 8 9 10
HNI 0.26 0.27 0.27
HJo 0.15 0.15 0.22
HJ1 0.37 0.30 0.37
HJ2 0.23 0.24 0.28
HJ3 1.26 1.23 1.24

[a] Conditions: 0.25 mm of substrate, 0.25 mm of peptide, 303 K, pH 7.0
(50 mm HEPES buffer solution).

is a direct reaction between the phenolic hydroxyl groups and
the active esters, in a site that is catalytically favorable due to
the presence of arginines. The aliphatic substituents did not
affect reactivity.

The catalytic mechanism

The observation of salt effects and the fact that HJO, that has
no His residues, catalyzes the hydrolysis reaction of phospho-
diesters, clearly show that the Arg residues stabilize the transi-
tion state of the reaction by electrostatic interactions. The role
of the His residues is important and the pH profile has previ-
ously been determined to show that the catalyst depends on
one residue in its unprotonated form, whereas the kinetic sol-
vent isotope effect demonstrated the occurrence of a strong
hydrogen bond in the transition state, that is, general-acid cat-
alysis. These mechanistic investigations were carried out at
around neutral pH at which His residues are present both in
their protonated and unprotonated forms.

The introduction of Tyr residues gave rise to rate enhance-
ments over those observed with HNI, that carries no tyrosines,
by a factor of five in the best case. Whereas this is not a dra-
matic rate enhancement, it was achieved by rational design
and in addition to previous catalytic capacity. The rational in-
troduction of groups capable of such rate enhancements in a
stepwise fashion will ultimately lead to powerful catalysts.

With the most hydrophobic substrates, the rate enhance-
ments were the highest, whereas the difference between cata-
lysts with Tyr residues and without, were very small. Here the
rate enhancements were most likely due to hydrophobic inter-
actions, although not involving the tyrosines, as HNI and HJ1
were equally effective. The absence of detectable phosphoryla-
tion seems to rule out covalent catalysis, in favor of hydrogen
bonding in the transition state as the catalytic function of the
Tyr residues. However, this need not be true, as discussed
above, and this question remains unresolved. The substrates in
which the hydrophobicity is the lowest are those in which the
difference between HNI and HJ1 is the largest, suggesting that
when binding of the substrate is the weakest, the effect of the
Tyr is the largest and that the active site is not optimized to
take advantage of both factors co-operatively. Ser groups are
not as good nucleophiles as Tyr residues, obviously because of
the difference in pKa but perhaps also because the phenolic
hydroxyl group of Tyr is more exposed than that of Ser.
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Conclusions

In summary, the results show that it is possible to assemble
several catalytically active groups in a folded polypeptide
motif in a configuration in which the catalytic functions are ad-
ditive and thus catalytically active in the same elementary reac-
tion step. Previously, we have reported on the cyclization reac-
tion of RNA-mimicking substrates, catalyzed by an active site
based on two Arg and two His residues. Here, we have added
two Tyr residues to the catalyst, and taken advantage of the
hydrophobic character of the helix-loop-helix motif to study
hydrolysis reactions of substrates with increasingly hydropho-
bic substituents. The rate enhancements obtained due to the
introduction of Tyr residues, a factor of 5.5 with an activated
aryl alkyl phosphate and a factor of almost 2 with unactivated
dialkyl phosphate, relative to those of HNI, which has no Tyr
residues, is best explained as a contribution from nucleophilic
assistance in the hydrolysis reaction, or alternatively increased
hydrogen bonding in the transition state. The design goal of
obtaining hydrophobic interactions between Tyr side chains
and hydrophobic substrates was not realized. The largest
effect on reactivity was observed as a result of increasing the
hydrophobicity of phosphate diesters by increasing the
number of methylene groups in the aliphatic substituent from
two to seven. An increase in the second-order rate constant in
the HNI-catalyzed hydrolysis reaction of a factor of 13.5 was
obtained, and a factor of 3.8 was obtained in the HJ1-catalyzed
reaction. Unfortunately, the active site could not take advant-
age of the rate enhancements due to Tyr assistance and hydro-
phobicity co-operatively, but only of one or the other. Howev-
er, further optimization of these active sites is possible with
the further development of de-novo-designed catalysts.
Whether it will be possible to arrive at enzyme-like activity by
following this strategy remains an open question.

Experimental Section

Instruments and general methods: All aqueous solutions were
prepared from distilled and filtered water. 'H, C, and *'P NMR
spectra were recorded using D,0O or CDCl; as the solvent on a
Varian Mercury 300 or Varian Inova Unity 600 MHz. MALDI-TOF
mass spectra were recorded using an Applied Biosystems Voyager
DE-STR mass spectrometer. The sample to matrix ratio was 1:10
and a-cyano-4-hydroxycinnamic acid was used as matrix. CD spec-
tra were recorded on an ISA Jobin Yvon-Spex CD6 spectrometer,
routinely calibrated with (4)-camphor-10-sulfonic acid, with the
samples prepared in buffer solution containing NaCl (0.15 m).

Preparation of substrates: See the Supporting Information.

Kinetics: Rate constants were obtained from experiments per-
formed in parallel using samples prepared from the same sub-
strate, imidazole, or peptide stock solutions to avoid interexperi-
mental errors. They were run at pH7.0 in 50 mm HEPES buffer.
NaCl was added to ensure that the same salt concentration and a
constant ionic strength were used in all experiments. The reaction
temperature was controlled by a thermostatic bath where tightly
stoppered reaction vessels were kept. Peptide samples were pre-
pared as a stock solution by dissolving the lyophilized peptide
(25% of water content) in the reaction solvent, adjusting the pH,
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and centrifuging prior to being diluted by pipetting to the desired
concentrations and transferred to the reaction vessel. In the same
way, imidazole and substrates were weighed and dissolved in the
reaction solvent, the pH was adjusted, and the required volume
taken from the stock solutions. The kinetic measurements started
after fast mixing of the reactants, shaking of the vessels, and re-
introduction in the thermostated bath, and the evolution of the re-
action was followed by the periodical quantification of product for-
mation by way of UV-visible spectroscopy or HPLC analysis. For
rate constant calculation, the experimental data points of product
concentration were plotted against time, the points were adjusted
to lines by linear regression, and the rates calculated from the
values of the slopes using Igor Pro software (Wavemetrics Inc.). To
obtain the second-order rate constants, k,, the background reac-
tion was subtracted from the measured pseudo-first-order rates
and divided by the initial concentration of catalyst and substrate.
Each rate constant is the average of two or three measurements,
and the error limits are estimated to be in the range of +12%.

UV/Vis spectroscopy kinetics experiments: All the experiments
were carried out at pH 7.0 (50 mm HEPES buffer) and 313, 303, or
298 K, using 0.25-2 mm peptide concentration with 0.25-5 mm
substrate concentration in final solutions. A blank experiment was
performed at the same time together with a parallel reaction with
50 mm imidazole for comparison in selected cases. NaCl was used
to keep a similar ionic strength in all kinetics. The evolution of the
reaction was followed by UV spectroscopy monitoring the increase
in absorbance due to the formation of the 2,4-dinitrophenolate, 4-
nitrophenolate, or 4-chloro-2-nitrophenolate ions. Extinction coeffi-
cients: 7785m~'cm™' for 4-nitrophenyl derivatives (at 405 nm) and
2384m'cm™’ for 4-chloro-2-nitrophenyl derivatives (at 424 nm).

HPLC kinetic experiments: Reactions were run in H,0O at 313K
(temperature controlled by a thermostatic bath) and pH7.0
(50 mm HEPES buffer) in tightly stoppered glass bottles with a final
volume of 0.6 mL that were periodically shaken. Different samples
were prepared with T mm peptide (HNI or HJ1), imidazole (50 mm),
and the blank experiment (background reaction) with the same
concentration of substrate (2 mm), salt (50 mm NaCl), and internal
standard (3-nitrobenzenesulfonic acid, sodium salt, 1 mm). The re-
action rates were determined by RP-HPLC, measuring the concen-
tration increase of the cyclization product, uridine 2',3’-cyclic phos-
phate with detector at 260 nm. Aliquots were withdrawn at suita-
ble intervals and analyzed immediately or kept frozen (liquid nitro-
gen). Column: Highchrom KR-100-C8-5 (250%x 4.6 mm, 5 um parti-
cle size). Isocratic elution with 13% acetonitrile in sodium acetate
buffer (25 mm, pH 4.3, containing 0.1m NH,CI) as eluent in a
1.5mLmin™"' flux. Retention times of product, internal standard,
and substrate were 1.89, 5.66, and 8.62 min respectively.

Peptide synthesis: The peptides were synthesized on an automat-
ed peptide synthesizer (Pioneer, Applied Biosystems) at a 0.1 mmol
scale with standard Fmoc (9-fluorenylmethoxycarbonyl protection
group) protocol. The Fmoc protecting group was removed by 20 %
piperidine in DMF v/v. A 0.19 mmolg™" substitution level polymer
(PAL-PEG-PS) was used, with an excess of four equivalents of
amino acid in each coupling, base-stable protecting groups for
side-chain protection and TBTU (0.5m in DMF) and DIPEA (1m in
DMF) as amino acid activators. Standard coupling times were
60 min, except for Nle and Leu (30 min) and for GIn, Arg, and Asn
(90 min). The amino terminal was capped with acetic acid anhy-
dride and carboxy terminal amidated upon cleavage from the
resin. When synthesis was completed, the resin was washed with
dichloromethane and dried under vacuum. The peptide was then
cleaved from the resin and deprotected at RT by treatment with a
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mixture of TFA/H,O/ethanedithiol/triisopropyl silane (94:2.5:2.5:1,
v/v/v/v) for 3 h. It was then filtrated, concentrated (N, bubbling),
precipitated by addition of cold diethyl ether, washed with diethyl
ether, centrifuged, and lyophilized twice. The purification of crude
peptides was accomplished by reversed phase HPLC on a semipre-
parative column (C-8 Kromasil) using isocratic elution with 37 %
propan-2-ol in water with 0.1% TFA at 10 mLmin' flow rate. The
peptides were identified by MALDI-TOF mass spectrometry (Ap-
plied Biosystems) and no impurities could be detected by HPLC
(detector at 229 nm).
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Oxidation of Guanine by Carbonate Radicals Derived from
Photolysis of Carbonatotetramminecobalt(lil) Complexes
and the pH Dependence of Intrastrand DNA Cross-Links
Mediated by Guanine Radical Reactions
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Vladimir Shafirovich*®!

The carbonate radical anion CO;5~ is a decomposition product of
nitrosoperoxycarbonate derived from the combination of carbon
dioxide and peroxynitrite, an important biological byproduct of
the inflammatory response. The selective oxidation of guanine in
DNA by CO;™ radicals is known to yield spiroiminodihydantoin
(Sp) and guanidinohydantoin (Gh) products, and also a novel in-
trastrand cross-linked product: 5'-d(CCATCG*CT*ACC), featuring a
linkage between guanine C8 (G*) and thymine N3 (T*) atoms in
the oligonucleotide (Crean et al., Nucleic Acids Res. 2008, 36,
742-755). Involvement of the T-N3 (pK, of N3-H is 9.67) suggests

Introduction

The carbonate radical anion—CO;"—is a biologically impor-
tant oxidant that can initiate some of the oxidative reactions
that have been commonly assigned to hydroxyl radicals,™ and
its role in vivo may have been underestimated.” In biological
systems, the CO;™ radical can arise as a consequence of a cas-
cade of events that occurs during chronic infection and inflam-
mation. Because these response mechanisms have been im-
plicated in the etiology of some cancers,®* the pathways of
oxidative reactions that arise as a result of inflammation are of
considerable interest.

The inflammatory response is correlated with a persistent
oxidative and nitrosative stress associated with the overpro-
duction of nitric oxide and superoxide radical anions, followed
by their rapid combination with formation of the highly toxic
peroxynitrite.*® The major mode of peroxynitrite reactivity in
vivo?”® is a fast reaction with carbon dioxide” to form a
highly unstable intermediate nitrosoperoxycarbonate that rap-
idly decomposes homolytically to nitrogen dioxide and the car-
bonate radical anion."”

We have devised a photochemical method for generating
CO;™ radicals in aqueous solution at pH 7.5 and have shown
that, in DNA, only guanine can be oxidized, by a one-electron
abstraction mechanism, by this radical."""'¥ In these experi-
ments, irradiation either with steady-state!>'® or with pulsed
UV light (for example, 308 nm excimer laser pulses"'?) of a
buffered solution of bicarbonate HCO;~ and persulfate anions
causes the dissociation of the S,0,°" ions into sulfate radical
anions: SO, . In turn, the sulfate radical anions oxidize the
HCO,;™ ions by a one-electron transfer mechanism to generate
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that the formation of 5'-d(CCATCG*CT*ACC) might be pH-depen-
dent. This hypothesis was tested by generating CO;~ radicals
through the photodissociation of carbonatotetramminecobalt(lli)
complexes by steady-state UV irradiation, which allowed for stud-
ies of product yields in the pH 5.0-10.0 range. The yield of 5'-
d(CCATCG*CT*ACC) at pH 10.0 is ~45 times greater than at
pH 5.0; this is consistent with the proposed mechanism, which re-
quires N3(H) thymine proton dissociation followed by nucleophilic
addition to the C8 guanine radical.

the CO;™ radicals. These induce the site-selective oxidation of
guanine bases in 2’-deoxyoligonucleotides in either the single-
or the double-stranded forms. The formation and decay of the
neutral guanine radicals—G(—H) *—thus formed can be con-
veniently monitored through their UV absorption maximum at
315 nm.""'? The chemical end-products of these radicals are
mostly the diastereomeric pair of spiroiminodihydantoin (Sp)
and the guanidinohydantoin (Gh) lesions, the latter normally
formed in smaller yields."?

More recently, using continuous illumination methods for
generating CO;" radicals, we found that, in addition to Sp and
Gh, the oxidation of the single guanine in the sequence 5'-
CCATCGCTACC by CO;™ radicals yields the intrastrand cross-
linked 5'-CCAT*CG*CTACC (minor) and 5'-CCATCG*CT*ACC
(major) products in yields comparable to those of the diaste-
reomeric Sp products."® Analysis of the intrastrand cross-
linked products by NMR and mass spectrometry methods indi-
cate that the G* and T* bases are covalently linked through
the C8 atom of guanine (G*) and the N3 atom of thymine (T*)
in the 5-d(CCATCG*CT*ACC) sequence (G*CT*). A mechanism
of formation was previously proposed by us,"® and a modified
version of the reactions that lead to the G*CT* cross-linked

[a] Dr. C. Crean, Dr. Y. A. Lee, B. H. Yun, Prof. Dr. N. E. Geacintov,
Prof. Dr. V. Shafirovich
Chemistry Department, New York University
31 Washington Place, New York, NY 10003-5180 (USA)
E-mail: vs5@nyu.edu

Supporting information for this article is available on the WWW under
http://www.chembiochem.org or from the author.
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product is shown in Scheme 1 (see below for further details).
The proposed mechanisms require the consecutive abstraction
of two or four electrons associated with proton transfer re-
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this method have been successfully used in studies of oxida-
tion reactions of diverse organic molecules that include amino
acids®'?! and short peptides.”® Recently, the oxidation of gua-
nine by CO;~ radicals derived from the photolysis of
[Co(NH,),CO,]* complexes has been monitored by
ultrafast infrared laser spectroscopy.””” However, the
kinetics of guanine oxidation and the nature of the
guanine oxidation end-products were not studied.

In this work we show that the photodissociation of
[Co(NH,),CO,]" complexes is indeed suitable for
studying the reaction kinetics of CO;™ radicals with
the 5’-d(CCATCGCTACC) oligonucleotide sequence.
Furthermore, the distributions of Sp, Gh, and G*CT*

Ho oxidation products at pH 7.5 are similar, irrespective

of the method of generating CO;™ radicals, whether

N
NN c-T NN c-T NN { O)\N by the photodissociation of [Co(NH,),CO5]" com-
5-..GCT... - C/ plexes or by the sulfate radical-mediated oxidation
2C0;, l o i of HCO;™ ions. At pH 5.0 and pH 10.0, however, the
distributions of the end products—Sp, Gh, and the
O OH o cyclic intramolecular G*CT* cross-links—are markedly
N H N)ENXH 0 different. The mechanistic implications of these ob-
PP =0 H Ngutﬁ/ N N)ﬁ/ servations for the mechanisms of guanine radical-
HNT N7 N ’ ‘ A | mediated reactions leading to intrastrand cross-link
/ l cT l CO/N formation are discussed.
o]
o}

o H
NH j:N> o
HZNkN N
H
c—T

l 0 H,N™ N N o

O ¢c—7 C’:/

5'-.[Gh]CT... 5'-...[SpICT... 5-..G*CT*...
cross-link

Scheme 1. Proposed mechanism of oxidation of guanine by carbonate radical anions in
the 5'-d(CCATCGCTACC) sequence context. Although only the formation of the 5’-d(CCA-
TCG*CT*ACC) product is shown, minor amounts of the isomeric 5'-d(CCAT*CG*CTACC)
are also formed (Supporting Information). This scheme is a modified version of the one

! The main modification in the scheme involves the mechanism of
deprotonation of the thymine N3, and the resonance forms of the G(—H) * radical, which
are now represented by the two conjugated resonance forms shown.®* The 06 and C5
radical forms of G(—H) " are expected to have lower energies than the C8-centered o-rad-

[16]

published originally.

ical protonated at N1 that we proposed earlier.""®

actions, so the distribution of the G*CT*, Sp, and Gh products
might therefore be pH-dependent. With our previously pub-
lished method of generating CO;~ radicals,""" however, low-
ering the pH of the solution is not feasible because of the
unfavorable acid-base equilibrium of the bicarbonate anion.
At pH < 7.5 the HCO;™ anions are transformed into CO,, and so
the yield of CO;™ radicals decreases as the pH is decreased. Al-
though SO, radicals can oxidize both the HCO,™ and CO,*"
anions, CO, is unreactive.!"”!

In order to overcome this unfavorable pH dependence, we
have also employed an alternative photochemical method for
generating CO,"~ radicals by photolysis of metal complexes.!"”
As a source of carbonate radical anions, we selected
carbonatotetramminecobalt(lll) complexes, which upon photol-
ysis readily yield CO,"~ radicals.'®* The radicals generated by
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Results and Discussion

|
)Nj/ Monitoring of radical intermediates by transient

absorption spectroscopy

The CO;"~ radical, with a reduction potential® versus
NHE of £°(CO,/CO,*)=1.59 V, can efficiently oxidize
appropriate electron donors.'” In contrast, hydrogen
atom abstraction by CO;~ radicals is generally
slow."” The conjugate acid (HCO;) is a strong acid
(pK,<0), and at pH>0 these radicals exist in the
anion form CO;.”?' UV irradiation of [Co(NH,),CO,]"
complexes has been shown to generate different
products according to two pathways.!?*%

——» Co®"(aq) + 4NH;" + CO;”

[Co(NH),CO5]" —1

LM HO o [Co(NHa)(H,0)0C0,HP*

In one of these pathways, CO;~ radicals (together with Co”*
(ag.) ions are produced, while in the other the hydrated com-
plex [Co(NH,),(H,0)0CO,HI*" is generated. Time-resolved, tran-
sient absorption experiments have shown that the photolysis
of [Co(NH,),CO,]" complexes induced by 248 nm KrF excimer
or 266 nm Nd:Yag laser pulses yields CO,"~ radicals.*?*?* Here
we show that CO;~ radicals can also be produced easily by
308 nm XeCl excimer laser pulse excitation, because the UV ab-
sorption spectrum of [Co(NH5),CO;]" extends beyond 300 nm

ChemBioChem 2008, 9, 1985 - 1991
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(that is, beyond the absorption threshold of the normal DNA
bases).

The irradiation of air-equilibrated buffer solutions (pH 7.5)
containing [Co(NH;),CO;1* and dGuo or 8-oxodGuo solutions
with 308 nm excimer laser pulses generates the time-depen-
dent transient absorption spectra shown in Figure 1. The decay

curves of CO;"~ radicals by methods that have been described
in detail previously,""'? and the rate constants thus obtained
are summarized in Table 1. Briefly, the decay of CO;™ radicals
occurs through two competitive reactions: 1) oxidation of DNA
(reactions 1-4), and 2) bimolecular recombination of CO;"~ radi-
cals (reaction 5), as shown in Table 1. We found that the rate
constants of oxidation by CO;~ radicals of G or 8-
oxoGua in the form of nucleosides, or embedded in
the oligonucleotides (Table 1), are identical within
experimental error with the values obtained in ex-
periments in which the CO;™~ radicals are generated
by the photolysis of [Co(NH;),CO;1* or by oxidation
of HCO;~ with photochemically generated SO, radi-
cals."1?

400 500 600
Alnm ——

500 600 700 300

Alnm ——

400

300

Figure 1. Kinetics of A) dGuo, and B) 8-oxodGuo oxidation by CO,~ radicals generated by
the photolysis of [Co(NH,),CO;]™. Transient absorption spectra were recorded at fixed
time intervals after 308 nm laser pulse excitation (60 mJ per pulse per cm?) of air-equili-
brated phosphate buffer solution (pH 7.5) containing dGuo (2 mm) or 8-oxodGuo

(0.1 mm), together with [Co(NH,),CO,]" (2 mm) and NaCl (300 mm).

of the CO; transient absorbance at 600 nm correlates with
the growth of a narrow absorption band at 315 nm (Figure 1A)
due to guanine radicals formed by the rapid deprotonation of
the guanine radical cations (pK,=3.9) in neutral solu-
tions."'23% |n the case of solutions with 8-oxodGuo, the decay
of CO;™ radicals is associated with the rise of a narrow absorp-
tion band due to 8-oxodGuo radicals at 325 nm (Figure 1B),
which at pH 7.5 exist mostly in the neutral form, since the pK,
of the radical cation is 6.6.5" The spectral characteristics of the
G(—H)" and 8-oxoGua(—H)" radicals produced by the oxidation
of the dGuo or 8-oxodGuo nucleosides by CO;™ radicals gener-
ated by the photolysis of [Co(NH,),CO,]" are identical to those
obtained in our previous experiments in which CO;"~ radicals
were derived from the oxidation of HCO;™ anions by SO, radi-
cals.""'? Analogous results are obtained with the single-strand-
ed oligonucleotide sequences 5-d(CCATCGCTACC) and 5'-d-
(CCATC[8-0x0GualCTACC) (data not shown).

The rate constants of oxidation of free nucleosides and oli-
gonucleotides by CO;" radicals were derived from the decay

700

Identification of guanine lesions produced by CO;"~
radicals in single-stranded oligonucleotides

The end products of oxidation of guanine in the 5'-
d(CCATCGCTACC) sequence generated by CO;™ radi-
cals produced by the photolysis either of [Co-
(NH,),CO,]" or of 5,042 /HCO,~ were compared at
pH 7.5 upon irradiation of the samples with continu-
ous 300-340 nm light from a 100 W Xe arc lamp. In these ex-
periments, the irradiation times were adjusted to limit the con-
version of the original oligonucleotides to less than 10-20% of
the starting material. Typical anion-exchange HPLC profiles of
the irradiated solutions are shown in Figure 2. The distributions
of oxidized end-products are the same and independent of the
method of generating the CO;™ radicals, either by photolysis
of [Co(NH,),CO;1" (Figure 2A) or with S,0,°"/HCO;~ (Fig-
ure 2B). Indeed, MS analysis showed that the products ob-
tained in both experiments are identical. The unmodified 5'-
d(CCATCGCTACC) sequence (mass, M: 3237.2) eluted at
18.3 min, the guanidinohydantoin adduct eluted at 17.0 min
([M+6]: 3243.2), and the adducts containing the diastereomeric
spiroiminodihydantoin adducts eluted at 21.7 and 22.4 min
(IM+32]: 3259.2). The fraction eluting at 20.6 min (Figure 2 A)
contains the product, which has a mass ([M—2]: 3235.2) smaller
than the molar mass [M] of the starting oligonucleotide se-
quence by 2 Da. This product is identical to the 5-d(CCA-
TCG*CT*ACCQ) oligonucleotide (Figure 2B) with the same mass

Table 1. Rate constants of the one-electron oxidation of free nucleosides and single-stranded oligonucleotides by CO;~ radicals in air-equilibrated buffer
solutions (pH 7.5) generated either by photolysis of [Co(NH,),CO5]" or with S,0,% /HCO; .

N Reaction kim s

[Co(NH,),CO,]* 5,052 /HCO;™
1 CO; ™ +dGuo—C0O;% 4 dGuo(—H)’ (6.840.7)x 107 (6.740.7) x 107
2 CO;™ +8-0x0dGuo —CO,* + 8-oxodGuo(—H)* (7.6+0.8)x 10° (7.940.8)x 10°™®
3 CO; ™+ 5-CCATCGCTACC —CO,%™ + 5'-CCATC[G(—H)ICTACC (2.340.3)x 10’ (2.440.3)x 1071
4 CO;™ + 5-CCATC[8-0x0Gua]CTACC —C0,%~ + 5'-CCATC[8-oxoGua(—H) ICTACC (3.3+£0.4)x 10° (3.2£0.4) x 108
5 €05~ +C0;” =05 —CO,* +CO, (1.340.1)x 107 (1.320.1) x 107"

[a] The rate constants were measured in air-equilibrated buffer solutions (pH 7.5) containing either [Co(NH;),CO5]" (2 mm) and NaCl (300 mm) or Na,S,0
(10 mm) and NaHCO; (300 mm). The uncertainties represent standard errors for the best least-squares fits of the appropriate kinetic equations (Supporting
Information) to the experimentally observed decay profiles of CO;~ radicals monitored at 600 nm. [b] Data from ref. [11]. [c] Data from ref. [12].
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Figure 2. Anion-exchange HPLC elution profiles of the end-products origi-
nating from the oxidation of the single-stranded oligonucleotide 5'-d(CCA-
TCGCTACC) by CO;™ radicals. A) The 5'-d(CCATCGCTACC) sequence

(0.01 mm) was irradiated for 20 s in air-equilibrated buffer solution (pH 7.5)
containing [Co(NH,),CO5]" (2 mm). B) The 5'-d(CCATCGCTACC) sequence
(0.01 mm) was irradiated for 10 s in air-equilibrated buffer solution (pH 7.5)
containing NaHCO; (300 mm) and Na,S,0g (10 mm). A 100 W Xe arc continu-
ous light source was used in both cases (300-340 nm). HPLC elution condi-
tions (detection at 260 nm): 10-90% linear gradient of solvent B (10% aceto-
nitrile and 90% 1.5 M ammonium acetate) in solvent A (10% acetonitrile and
90% water) for 30 min at a flow rate of 1 mLmin~". The fractions containing
the unmodified oligonucleotide (labeled oligo), the cyclic cross-linked ad-
duct (G*CT*), the oligonucleotides with the single G residue converted into
the guanidinohydantoin lesion (Gh), and spiroiminodihydantoin lesions with
(+)-(R)-Sp and (—)-(S)-Sp configurations eluting at 21.7 min, and 22.4 min, re-
spectively, were identified as discussed in the text (the absolute configura-
tions of the Sp lesions were determined as described by Durandin et al.;*?
note: an alternate R and S assignment has been proposed by Cadet and co-
workerst),

and containing the intrastrand cross-link between the G and T
bases described in our earlier work."®

To confirm that CO;™ radicals generated by the photolysis of
[Co(NH,),CO,]" induce the formation of a covalent bond be-
tween G and T, we generated the cross-linked product by oxi-
dation of the 5-d(GpCpT) trinucleotide. The positive ion spec-
tra (MS/MS) of the cross-linked product obtained (see Figure S2
in the Supporting Information) showed a molecular ion
[M+H]" at m/z 859.1, smaller by 2 Da than the mass of the
unmodified 5-d(GpCpT) observed at m/z 861.2. Furthermore,
multi-step fragmentation of the parent ion (m/z 859.1) gives
rise to the product ion characteristic of the ion derived from
the G*-T* base-base dimer at m/z 276.0. Exactly the same frag-
mentation patterns and ions were observed when the 5-d-
(G*CT*) product was obtained by oxidation of 5-d(GpCpT)
with CO;~ radicals derived from the photolysis of S,05°7/
HCO, ."¥ CO,™ radicals generated by the photolysis of [Co-
(NH,),CO,]" complexes thus produce the same cyclic cross-
linked products as the photolysis of 5,0, /HCO;™.

Localization of the G*CT* intrastrand cross-link in the
5'-d(CCATCG*CTACC) sequence

The oxidatively modified 5’-d(CCATCG*CT*ACC) oligonucleo-
tide with mass [M—2] obtained in the [Co(NH,),CO;]* photoly-
sis experiment (Figure 2A) was subjected to enzymatic diges-
tion with snake venom phosphodiesterase | and bovine spleen
phosphodiesterase Il. These two exonucleases digest single-
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stranded DNA from the 3’- and 5'-ends, respectively. Detailed
analysis of the enzymatic digestion patterns and masses of par-
tially digested oligonucleotide fragments by MALDI-TOF/MS
methods showed the enzyme stalling patterns to be consistent
with the formation of exonuclease-resistant 5'-d(CCATCG*CT¥)
and 5’-d(CG*CT*ACC) fragments (Figure S3). The localization of
the cyclic G*CT* cross-link within the 11-mer [M—2] sequence
was also confirmed by standard hot piperidine treatment,®¥
followed by analysis of the cleavage products by high-resolu-
tion denaturing polyacrylamide gel electrophoresis assays (Fig-
ure S4) and MALDI-TOF/MS (Figure S5). The cross-linked se-
quences are more sensitive to cleavage induced by the stan-
dard hot piperidine treatment (90°C, 30-60 min; Figures S4
and S6). Collectively these results showed that the same intra-
strand cross-linked products are formed when the carbonate
radical ions are produced by the photolytic decomposition of
the [Co(NH,),CO5]" complex or by the oxidation of HCO;~ by
SO, radicals.

Effect of pH on the distributions of different guanine lesions

In the neutral solutions (pH 7.5) the yields of any given
adduct—Gh, Sp, or G*CT*—do not depend significantly on the
method of generating the CO;™ radicals, either by the photoly-
sis of [Co(NH5),CO;]1" complexes or by the oxidation of HCO,~
by photochemically generated SO, radicals (Figure 3). At
pH 7.5 the yields of the Sp adducts and the G*CT* intrastrand
cross-linked products are similar, while the yields of the Gh
adduct are smaller by a factor of ~1.5 (Figure 3). In our previ-
ous experiments, employing reversed-phase HPLC rather than
the anion exchange column used in this work, the yields of the
Gh adducts were underestimated as a result of overlap of the
Gh and Sp elution fractions."? The generation of carbonate
radical anions by the photolysis of [Co(NH,),CO;]" complexes

pH 10.0

[Co(NH,),CO;]"

HCO,/S,05"  [Co(NH,),CO,I"
or HCO, /8,0,>

Figure 3. Effects of pH on the yields of the G*CT*, Gh, and Sp adducts de-
rived from the oxidation of 5'-d(CCATCGCTACC) by CO;~ radicals generated
by the photolysis of [Co(NH,),CO;]* and, separately, by the oxidation of
HCO;~ by photochemically generated SO, radicals with continuous irradia-
tion (300-340 nm) from a 100 W Xe arc lamp. The reaction conditions were
identical to those used for generating the results shown in Figure 2. Neither
Sp nor Gh adducts were detected (n.d.) at pH 10.0.
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allows us to investigate the oxidation of the oligonucleotides
at lower pH values, as already discussed. Decreasing the pH
from 7.5 to 5 enhances the formation of the Gh adducts by a
factor of 3.7, and strongly diminishes the yields of the G*CT*
cross-linked products (by a factor of ~9). However, the yields
of the Sp lesions remain practically unchanged, but the ratio
of the Gh/Sp vyields increases from 0.6 at pH7.5 to 24 at
pH 5.0 (Figure 3). In turn, at pH 10.0, the Gh and Sp lesions are
not detectable, but the formation of the G*CT* cross-linked
products is enhanced by a factor of 4.8 relative to the pH 7.5
value, and by a factor of 45 relative to the pH 5.0 value
(Figure 3).

Mechanistic considerations

The one-electron oxidation of guanine by CO;™™ radicals in the
5’-d(CCATCGCTACC) sequences triggers a cascade of chemical
reactions that results in the formation of the observed stable
oxidation end-products. The formation of these final products
can be formally considered the result of either a two-electron
(G*CT*) or a four-electron (Sp/Gh) oxidation mechanism
(Scheme 1). Since the pK, of the guanine radical cation (G
radical) is 3.9 ,®” at pH>5 this radical exists mostly in its neu-
tral form: G(—H)" (Figure 1A), in agreement with the results of
our previous experiments.'"'? The G(—H)" radicals are usually
considered to be O-centered radicals with the unpaired elec-
tron positioned on the 06 atom;%3” this explains the low re-
activity of the G(—H)" radical with molecular oxygen.""'? The
formation of stable products from this radical typically occurs
through the addition of free radicals or nucleophiles at the C5
or C8 positions.P®3? Our results suggest that the C8-centered
G(—H)" radical can react with thymine, which is a weak nucleo-
phile. The deprotonation of thymine greatly enhances its nu-
cleophilicity, a conclusion that correlates well with the remark-
able enhancement of the G*CT* yield at pH 10; under these
conditions, the thymine exists mostly in the deprotonated
form, since its pK, is 9.67.“% The radical adduct arising from
the nucleophilic addition of the N3 atom of T at the C8 posi-
tion of the G(—H)’ radical is oxidized by O, to form the cross-
linked G*CT* product (Scheme 1). Indeed, the yields of the
cross-linked products are negligible in the absence of 0,.'®
Similar mechanisms have been proposed by Perrier et al. for
Ne-(guanin-8-yl)-lysine cross-link formation.*" In our case, the
generation of the G*CT* cross-linked product requires the
abstraction of only one electron (“single hit”), because the
second electron is most likely abstracted by the O, molecule,®
which is present in air-saturated solutions under physiological
conditions.

Other types of intrastrand cross-linked lesions between adja-
cent G and T bases (the so-called tandem lesions) have been
found when DNA is exposed to ionizing radiation."*™*¥ These
cross-linked products each involve a covalent bond between
the C8 atom of guanine and the C atom of the methyl group
of thymine. The formation of these cross-linked G*C8—T*(CH,)
products is initiated by hydrogen atom abstraction from the
CH; group of thymine, and O, was found to suppress the for-
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mation of these products, because it reacts readily with the
5-(2"-deoxyuridinyl)methyl radical.“>*

In contrast, the formation of the Sp/Gh lesions from the
G(—H)" radical requires three additional oxidizing equivalents
(Scheme 1). Our previous experiments have demonstrated that
the reactions resulting in the formation of Sp/Gh lesions in-
clude the formation of 8-oxoGua lesions as an intermediate.'”
We found that the maximum yield of 8-oxodGuo enzymatically
excised from the 5'-d(CCATCGCTACC) sequence oxidized by
CO;™ radicals, and determined by the HPLC-amperometric de-
tection method does not exceed ~2%. The low yield of 8-ox-
odGuo is a clear indication that the oxidation of 5-d(CCATC[8-
0xoGua]CTACC) is much faster than that of the parent 5'-
d(CCATCGCTACC) sequence. Indeed, the value of k, for the oxi-
dation of 5-d(CCATC[8-0xoGua]CTACC) is greater than the
value of the analogous rate constant k; for the oxidation of 5'-
d(CCATCGCTACCQ) by a factor of ~13 (Table 1). Here, we found
that the further oxidation of 5'-d(CCATC[8-oxoGua]CTACC) by
CO; radicals results only in the formation of the Sp/Gh lesions
(crosslinked adducts were not detectable), and that the 5'-
d(CCATC[8-0x0Gua]CTACC) sequence is therefore likely to be
an intermediate in the oxidation of 5'-d(CCATCGCTACC) by
CO;™ radicals, with G transformed into either Sp or Gh.

A deeper understanding of the mechanistic aspects of the
successive oxidation of the G(—H) radicals by CO;~ radicals
was gained by performing oxidation of DNA in H,"®0 buffer
solutions (Figure S7). These experiments showed that two
oxygen atoms are added at the C5 and C8 positions of the oxi-
dized guanine intermediates during the course of their step-
wise reactions, and that both oxygen atoms originate from the
CO;™ radicals, in agreement with our previous results for the
oxidation of 2',3,5-tri-O-acetylguanosine and 2’,3,5-tri-O-
acetyl-8-oxo-7,8-dihydroguanosine mononucleosides."” The 5-
HO-8-oxoGua intermediate is a precursor of the Sp and Gh
products™”*® that arises from a consecutive three-electron oxi-
dation of the G(—H) radical involving the transfer of two O~
anions from CO;™ radicals to the C5 and C8 positions of gua-
nine. The subsequent transformation of the 5-HO-8-oxoGua
depends on the solution pH and results in the formation of
either spiroiminodihydantoin or guanidinohydantoin (Gh) le-
sions.”” ¥ Decreasing the pH favors pyrimidine ring-opening,
followed by the formation of the Gh lesions; in contrast, in-
creasing the pH facilitates the acyl shift, leading to the Sp le-
sions, in agreement with our observations (Figure 3). This pH
dependence qualitatively agrees with the enhancement of the
yield of Gh products that has been reported for the oxidation
of 8-oxoGuo variously by peroxynitrite,*” by photoexcited
riboflavin, by IrCl~,®%*" or by Cr' complexes.”*?

The formation of the Sp and Gh end-products involves sev-
eral consecutive reactions of intermediates with CO;™ radicals,
while the formation of the G*CT* cross-linked products in-
volves only one carbonate radical. In the laser pulse excitation
experiments described previously™ ¥ the transient carbonate
radical concentrations were significantly higher than in the
steady-state irradiation experiments!'® described in this work.
Therefore, in laser pulse excitation experiments, the formation
of Gh and Sp products is favored over the formation of the
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cross-linked products, which explains why we overlooked the
G*CT* products in earlier laser pulse irradiation experiments at
neutral pH."? In contrast, the steady-state, continuous irradia-
tion method used here, as well as earlier,"® enhances the rela-
tive yields of G*CT* products, particularly under basic condi-
tions.

Conclusions

The CO;™ radicals oxidize guanine bases in DNA by a one-elec-
tron transfer reaction that ultimately results in the formation of
stable guanine oxidation products. Here, we demonstrate that
the generation of CO;~ radicals by the photolysis of
carbonatotetramminecobalt(lll) complexes in aqueous solution
stimulated either by laser pulses or by steady-state irradiation
from a xenon arc lamp is a convenient method for generating
carbonate radical anions. By this method, the pH dependence
of the distributions of the guanine oxidation products Gh, Sp,
and the cross-linked G*CT* product in the 2'-deoxyribonucleo-
tide sequence 5'-d(CCATCGCTACC) can be conveniently investi-
gated. Variations in the relative yields of these three oxidation
products at acidic, neutral, and basic pH values can provide
valuable insights into the mechanistic aspects of these oxida-
tive reactions.

Experimental Section

Materials: All chemicals (analytical grade) were used as received.
The oligonucleotides were purchased from Integrated DNA Tech-
nologies (Coraville, 1A), purified, and desalted by reversed-phase
HPLC. The integrity of the oligonucleotides and nucleosides was
confirmed by MALDI-TOF/MS and LC/MS/MS methods. The [Co-
(NH,),CO,]CI0, complex was a gift from Dr. Carol Creutz (Broo-
khaven National Laboratory, Upton, NY).

Laser kinetic spectroscopy: The kinetics of oxidative reactions ini-
tiated by CO;"~ radicals were monitored directly with the aid of a
fully computerized kinetic spectrometer system (~7 ns response
time) described elsewhere.”® The transient absorbance was
probed along a 1 cm optical path by use of a light beam (75 W
xenon arc lamp) oriented perpendicular to the laser beam. The
signal was detected with a Hamamtsu 928 photomultiplier tube
and recorded with a Tektronix TDS 5052 oscilloscope operating in
its high-resolution mode, which provided a satisfactory signal/
noise ratio after a single laser shot. The rate constants were deter-
mined by least squares fits of the appropriate kinetic equations
to the experimentally measured transient absorption profiles as
described in detail elsewhere.">*¥ The values reported are each
the average of five independent measurements.

Oxidation of oligonucleotides by CO,"~ radicals: The oligonucleo-
tides (10 nmol) were dissolved in air-equilibrated buffer solutions
(pH 7.5, 1 mL) containing either: 1) [Co(NH,),CO51" (1 mm) and
NaCl (300 mm), or 2) Na,S,05 (10 mm) and NaHCO; (300 mm). Con-
tinuous light in the 300-340 nm spectral range from a 100 W
xenon arc lamp was reflected from a dichroic mirror onto the
sample. The energy incident on the sample was ~100 mWcm 2,
and the irradiation time was varied from 10 to 30 s. After irradia-
tion, the sample was immediately desalted by reversed-phase
HPLC, concentrated, and subjected to anion-exchange HPLC analy-
sis.
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Synthesis of the authentic standards: The diastereomeric 5'-d-
(CCATC[Sp]ICTACC) adducts were synthesized by oxidation of the
guanine in 5'-d(CCATCGCTACC) with CO;~ radicals derived from
HCO;~ oxidation by photochemically generated SO, radicals.'?
The 5-d(CCATC[Gh]CTACC) adduct was prepared by oxidation of
5'-d(CCATC[8-0x0Gual]CTACC) with IrCl>~.B" All standards were iso-
lated, purified, and desalted by HPLC methods, and their identities
were confirmed by MALDI-TOF/MS and LC/MS/MS methods.

HPLC isolation of oxidation products: The oxidatively modified
oligonucleotides were isolated by anion-exchange HPLC with an
analytical (250x4 mm i.d.) DNAPac PA-100 column (Dionex, Sunny-
vale, CA) and a 10-90% linear gradient of solvent B (10% acetoni-
trile and 90% 1.5M ammonium acetate) in solvent A (10% acetoni-
trile and 90% water) for 30 min at a flow rate of 1 mLmin™". The
solutions were desalted with an analytical (250 mmx4.6 mm i.d.)
Microsorb-MV C18 column (Varian, Walnut Creek, CA) and the
following mobile phases: ammonium acetate (5 mm, 10 min), de-
ionized water (10 min), and an isocratic 50:50 acetonitrile and H,O
mixture (15 min).

Mass spectrometry: LC-MS/MS analysis of the photoproducts was
performed with an Agilent 1100 Series capillary LC/MSD lon
Trap XCT mass spectrometer fitted with an electrospray ion source
as described elsewhere.'® The MALDI-TOF mass spectra were
recorded in the negative mode with a Bruker OmniFLEX instru-
ment.'?
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Use of a Halogenase of Hormaomycin Biosynthesis for
Formation of New Clorobiocin Analogues with

5-Chloropyrrole Moieties

Lutz Heide,*™ Lucia Westrich,® Christine Anderle,”” Bertolt Gust,” Bernd Kammerer,"™ and

Jorn Piel

The depsipeptide antibiotic hormaomycin, which is produced by
Streptomyces griseoflavus W-384, contains a 5-chloropyrrole
moiety. In the producer strain we identified the gene hrmQ that
shows sequence similarity to FADH,-dependent halogenases. This
gene was cloned and heterologously expressed in Streptomyces
roseochromogenes var. oscitans DS12.976, which is the produc-
er of the aminocoumarin antibiotic clorobiocin, which contains a
5-methylpyrrole moiety. For the present experiment, we used a
mutant of this strain in which the respective pyrrole-5-methyl-
transferase had been inactivated. Expression of the halogenase

Introduction

Nature’s inventory of secondary metabolites comprises thou-
sands of halogenated compounds.!" Incorporation of halogen
atoms into the respective molecules alters the chemical and
physical properties and often has a profound effect on the bio-
logical activity of the compound. The biochemical mechanisms
of the halogenation of natural products by different enzyme
classes have only recently been elucidated.”® Especially the
FADH,-dependent halogenases, which were first discovered by
genetic experiments of Dairi et al.” and investigated biochemi-
cally by van Pée and co-workers,®® are of pivotal importance
for the generation of many bioactive natural products, pre-
dominantly in microorganisms. Genes for FADH,-dependent
halogenases are contained in many biosynthetic gene clusters,
for example, those of chlortetracycline, vancomycin and chlor-
amphenicol.”’ It is tempting to speculate that halogenases
could be a powerful tool for combinatorial biosynthesis, that
is, for the generation of new compounds by recombination of
biosynthetic genes from different organisms. Many examples
have been published for successful combinatorial biosynthesis
by using the genes for modules of polyketide synthases of
nonribosomal peptide synthases, for oxygenases, methyltrans-
ferases, deoxysugar biosynthesis enzymes and glycosyltransfer-
ases. In contrast, only four examples are found in the literature
for the use of halogenases in such experiments.”'? Here, we
describe a further example for the successful use of a halogen-
ase in combinatorial biosynthesis; this is likely to be the first
such experiment that uses a halogenase that acts on a acyl
carrier protein bound substrate.

The aminocoumarin antibiotics clorobiocin and coumermy-
cin A, (Scheme 1) are powerful inhibitors of bacterial gyrase
and topoisomerase IV and have strong antibacterial activity.""
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hrmQ in this mutant strain led to the formation of two new clor-
obiocin derivatives that carried a 5-chloropyrrole moiety. These
compounds were isolated on a preparative scale, their structures
were elucidated by 'H NMR spectroscopy and mass spectrometry,
and their antibacterial activity was determined. The substrate of
HrmQ is likely to be a pyrrole-2-carboxyl-S-[acyl carrier protein]
thioester. If this assumption is true, this study presents the first
experiment in combinatorial biosynthesis that uses a halogenase
that acts on an acyl carrier protein-bound substrate.

The binding mode of these compounds to gyrase has been in-
vestigated by X-ray crystallography."? The 5-methylpyrrole-2-
carboxylic acid moiety, which is attached by an ester bond to
the deoxysugar, is of central importance for the interaction of
these antibiotics with their targets. This moiety occupies a hy-
drophobic pocket of gyrase and is crucial for the exceptionally
high affinity of clorobiocin and coumermycin A, to gyrase."”
The pyrrole-2-carboxylic acid moiety of clorobiocin and cou-
mermycin A, is biosynthetically derived from proline, and the
5-methyl group is subsequently attached under catalysis of the
C-methyltransferases CloN6 or CouN6, respectively."
Hormaomycin is a depsipeptide antibiotic formed by Strep-
tomyces griseoflavus W-384."7'% |t also contains a pyrrole-2-car-
boxylic acid moiety, which is in this case attached by an amide
bond to the peptide backbone of the molecule. However, in
contrast to clorobiocin and coumermycin A,, the pyrrole
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Scheme 1. Structures of coumermycin A1, clorobiocin and hormaomycin.

moiety of hormaomycin carries a chlorine rather than a methyl
group at C5, and in addition it is N-hydroxylated. The biosyn-
thetic origin of the N-hydroxyl group is unknown. Recently, the
gene cluster for hormaomycin biosynthesis has been identified
(J. Piel etal., unpublished results). It was found to contain a
gene, termed hrmQ, with sequence similarity to FADH,-depen-
dent halogenases. We speculated that it might be responsible
for the chlorination of C5 of the pyrrole moiety of hormaomy-
cin.

We examined whether the expression of hrmQ in a producer
strain of aminocoumarin antibiotics can lead to formation of a
hybrid compound that contains the skeleton of the aminocou-
marin antibiotic, but carries a chlorine rather than a methyl
group at position 5 of the pyrrole moiety.

FADH,-dependent halogenation reactions require two en-
zymes: the halogenase itself and a flavin reductase for the re-
generation of the oxidised flavin cofactor. Only the putative
halogenase hrmQ had been found in the hormaomycin gene
cluster, not the reductase. It has been shown that flavin-depen-
dent halogenases can functionally interact with flavin reductas-
es from other pathways.”) However, to minimise any problems
that result from the possible lack of a suitable reductase, we
carried out the experiment using the clorobiocin producer
strain rather than the coumermycin producer strain. Clorobio-
cin already contains a chlorine atom in position 8 of the ami-
nocoumarin moiety, which is attached under catalysis of the
FADH,-dependent halogenase Clo-hal."” Therefore, a suitable

ChemBioChem 2008, 9, 1992 — 1999
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Clorobiocin

reductase for the regeneration of the flavin cofactor was ex-
pected to be present in this organism.

Results
Sequence analysis of the putative halogenase gene hrmQ

The gene hrmQ codes for a protein of 448 amino acids. A
BLAST search revealed sequence similarity to FADH,-dependent
halogenases, and the predicted amino acid sequence of HrmQ
showed the two motifs that are conserved in flavin-dependent
halogenases.””’ These are the GxGxxG motif at the N-terminal
end, which is involved in the binding of the flavin cosubstrate,
and the WxWHxIP motif, which is located near the middle of the
protein and is suggested to prevent the enzyme from catalyz-
ing a monoxygenase rather than a halogenase reaction.”

Three proteins in the database showed especially high se-
quence similarity to HrmQ (Table 1 and Figure S1 in the Sup-
porting Information): PItA, which catalyses the two chlorination
reactions at positions 5 and 4 of the pyrrole moiety of pyolu-
teorin;"® Pyr29, which is suggested to catalyze the same reac-
tion in the biosynthesis of pyrrolomycin;" and, less expected-
ly, ChIB4, which is suggested to catalyse 5-chlorination of the
6-methyl salicylic acid moiety of chlorothricin.*”

In contrast, HalB of pentachloropseudilin biosynthesis®" and
PrnC of pyrrolnitrin biosynthesis,”® both of which have been
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Table 1. Sequence comparison of HrmQ with other FADH,-dependent halogenases.
Gene Organism Substrate Number of Identity Similarity
(position of chlorination) amino acids to HrmQ to HrmQ
hrmQ S. griseoflavus W-384 Pyrrole-2-carboxyl-S-ACP™ 448 (100) (100)
(C-5 of pyrrole)
chlB4 S. antibioticus 6-Methylsalicoyl-S-ACP™ 449 64 78
DSM 40725 (C-5 of salicyloyl moiety)
pyr29 Actinosporangium vitaminophilum Pyrrole-2-carboxyl-S-ACP™ 447 65 78
ATCC 31673 (C-4 and C-5 of pyrrole)
pltA P. fluorescens PF-5 Pyrrole-2-carboxyl-S-ACP® 449 59 74
(C-4 and C-5 of pyrrole)
halB Actinoplanes sp. 2-(3,5-dibromophenyl)-pyrrole™ 562 27 44
ATCC 33002
prnC P. fluorescens BL915 Monodechloroamino-pyrrolnitrin® 567 25 40
(C-3 of pyrrole)
clo-hal S. roseochromogenes 8-desmethyl-novobiocic acid® 524 32 51
var. oscitans DS12.976 (C-8’ of aminocoumarin)
[a] Putative substrate; [b] experimentally confirmed substrate; [c] artificial substrate used in vitro; position of halogenation of the pyrrole moiety unknown;
ACP: acyl carrier protein.

biochemically proven to chlorinate pyrrole moieties, showed
only low sequence similarity to HrmQ (Table 1).

Cloning of hrmQ and expression in a genetically modified
producer strain of clorobiocin

The gene hrmQ was amplified by PCR from a cosmid that
contained part of the hormaomycin cluster of S. griseoflavus
W-384, and was cloned into the expression vector pUWL201
(thio®);® this placed it under control of the constitutive ermE*
promoter. The resulting plasmid was termed pLW42.

Clorobiocin is produced by Streptomyces roseochromogenes
var. oscitans DS12.976. This strain contains the methyltransfer-
ase gene cloN6 that is responsible for the methylation of posi-
tion 5 of the pyrrole-2-carboxylic acid moiety."” To avoid that
the desired 5-chlorination by HrmQ had to compete with 5-
methylation by the genuine CloN6, we used a mutant strain in
which the c/loN6 gene had been inactivated. This strain accu-
mulates a clorobiocin derivative, novclobiocin 109, which is
not substituted at position 5 of the pyrrole-2-carboxylic acid
moiety."?

The hrmQ expression plasmid pLW42 was introduced into
this mutant by protoplast transformation. After selection of
transformants by thiostrepton resistance, cultures were estab-
lished from single spores of the transformants. The presence of
the intact plasmid was confirmed by DNA isolation and restric-
tion analysis.

Analysis of secondary metabolites

Reversed-phase HPLC of extracts from the strain transformed
with pLW42 in comparison to the parent strain showed two
new peaks (compounds 1 and 2), which had higher retention
times than novclobiocin 109 (Figure 1). LC-MS analysis with
ionisation in the positive mode showed a pseudomolecular ion
[M4+H]1" at m/z 717 for both compounds, in comparison to
m/z 697 for clorobiocin. This corresponds to the loss of a
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Figure 1. HPLC analysis of a strain transformed with the halogenase expres-
sion plasmid pLW42 in comparison to the parent strain. The parent strain
was a derivative of Streptomyces coelicolor M512, which expresses a clorobio-
cin cluster that is defective in the gene cloNé.

methyl group and the gain of a chlorine atom. Both new com-
pounds showed the characteristic isotopic signature of a di-
chlorinated compound that results from the high abundance
of the heavy isotope ¥Cl (24.2%) besides the dominant *Cl.
The predicted isotopic pattern, which was calculated by using
the Xcalibur 1.3 software suite (ThermoFinnigan, San Jose, CA),
was identical with the measured one. Tandem-MS analysis of
the pseudomolecular ion showed the fragments of the preny-
lated 4-hydroxybenzoyl moiety (m/z 189) for both compounds
(Figure 2) and of the aglycon clorobiocic acid (m/z 416), which
is identical to the mass spectrum of clorobiocin. However, in
comparison to clorobiocin, the mass of the substituted deoxy-
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Figure 2. Tandem MS analysis of novclobiocin 124 and 125 in comparison to clorobiocin. Left-hand panels show the fragmentation pattern of the pseudomo-
lecular ion (MS?). Right-hand panels show fragmentation of the substituted pyrrole-2-carbonyl moiety (pseudo-MS*~measurements).

ChemBioChem 2008, 9, 1992 - 1999 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 1995



www.chembiochem.org



BIO

sugar moiety showed an increase of 20 Da (i.e., m/z 302 rather
than 282). Likewise, the fragment that corresponded to the
substituted pyrrole-2-carboxylic acid moiety showed a mass
increase from m/z 108 to 128. Therefore, it was the pyrrole
moiety that had lost a methyl group and gained a chlorine
atom. Both for clorobiocin and for the two new compounds,
pseudo-MS? analysis (in-source CID fragmentation followed by
MS/MS measurements) showed the characteristic fragmenta-
tion pattern of the differently substituted pyrrole-2-carboxyl
moieties (Figure 2).2%

Therefore, LC-MS analysis showed that the expression of
hrmQ had indeed resulted in the formation of two new cloro-
biocin derivatives, chlorinated rather than methylated in the
pyrrole moiety. However, mass spectroscopic analysis was in-
sufficient to prove which position of the pyrrole moiety was
substituted with the chlorine, and likewise it was insufficient to
show the structural difference between compounds 1 and 2.
We therefore isolated both compounds on a preparative scale
and subjected them to 'H NMR analysis (see the Experimental
Section).

Compound 1 showed the same 'H NMR signals as clorobio-
cin for the prenylated 4-hydroxybenzoyl moiety, the aminocou-
marin moiety and the deoxysugar moiety. However, the signal

Proline

L. Heide et al.

of the methyl group at 5 (Scheme 1), which is present in the
spectrum of clorobiocin was missing in compound 1. As in
clorobiocin, the pyrrole protons at positions 3" and 4" cou-
pled with each other; this resulted in doublet signals for both
protons (J=3.6 Hz). The absence of the proton signal of H5",
which is observed in novclobiocin 109 at 7.02 ppm,™ as well
as the multiplicity of the signals of H4"" and H3"’ proved that
no proton was present at 5", that is, the chlorine had been
introduced at this position. Correspondingly, the signal of H4"”
in compound 1 (6.12 ppm) showed a slight downfield shift in
comparison to H4"” of clorobiocin (5.94 ppm). Therefore, the
structure shown in Scheme 2 was assigned to compound 1,
which was then designated as novclobiocin 124.

Compound 2 showed the same signals for the prenylated 4-
hydroxybenzoyl moiety, the aminocoumarin moiety and the 5-
chloropyrrole-2-carboxylic acid moiety as compound 1, includ-
ing the doublet signals of the pyrrole protons H3"” and H4"" at
6.95 and 6.12 ppm, respectively. However, the chemical shift of
the signals of the deoxysugar protons at 2” and 3” had
changed markedly. The signal of the axial proton H3”
(Scheme 1), which showed strong coupling with the axial H4”
(J=10.5 Hz) had shifted upfield from 5.72 ppm (compound 1
and clorobiocin) to 4.45 ppm. In contrast, the signal of the

—» ? —» Hormaomycin

o v g
N—C. 2
CH, o O \@\)\
CloN7 H;C o] H o) o OH
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H;C—O. &
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R Cc=0 (compound 2)

Cl N

1
H

Scheme 2. Hypothetical scheme of the pyrrole-5-halogenation reactions in the biosynthesis of hormaomycin and in the formation of the new clorobiocin de-
rivatives novclobiocin 124 and 125. HrmK, CloN4: prolyl-AMP ligases; HrmL, CloN5, CloN1: acyl carrier proteins; HrmM, CloN3: flavin-dependent dehydrogen-

ases; CloN2, CloN7: acyltransferases; HrmQ: halogenase.
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equatorial proton H2", which coupled more weakly with the
axial H3” and the equatorial H1” had shifted downfield from
4.35 ppm (compound 1 and clorobiocin) to 5.40 ppm. This
showed that in compound 2 the 5-chloropyrrole-2-carboxylic
acid moiety was attached to the 2”-OH group rather than to
the 3”"-OH group (Schemes 1 and 2). Similar 2"”-acylated com-
pounds have been found in earlier studies"**?? and showed
very similar NMR spectroscopic signals of H2” and H3" as com-
pound 2. Therefore, the structure shown in Scheme 2 was as-
signed to compound 2, and this second new clorobiocin deriv-
atives was designated as novclobiocin 125.

Antibacterial activity of the new clorobiocin derivatives

The antibacterial activities of novclobiocin 124 and 125 were
determined in a disc-diffusion assay against Bacillus subtilis and
compared to authentic clorobiocin (Figure 3). Novclobiocin 124
showed similar activity as clorobiocin; this suggests that the 5-
chloropyrrole-2-carboxylic acid moiety is nearly equivalent to
the genuine 5-methylpyrrole-2-carboxylic acid moiety in ensur-

compound amount [nmol] relative activity [%]
clorobiocin 3 @ 100
2 5
novclobiocin 124 [ ) @ 75-87.5
2 5
novclobiocin 125 25

Figure 3. Antibacterial activity of novclobiocin 124 and 125 in comparison to
clorobiocin.

ing a tight binding of the inhibitor to gyrase. In contrast, nov-
clobiocin 109, which does not carry a substituent at position 5
of the pyrrole ring, has been found to be eight-times less
active than clorobiocin.™ Novclobiocin 125, with the 5-chloro-
pyrrole-2-carboxylic acid moiety attached to the 2-OH group of
the deoxysugar, showed only 25% of the activity of clorobio-
cin.

Discussion

In the present study, expression of the halogenase gene hrmQ
in a clorobiocin producer strain, which is defective in the 5"-
methyltransferase gene cloN6, was shown to result in the for-
mation of 5"'-chlorinated clorobiocin derivatives. This finding
supports the functional assignment of hrmQ to the halogena-
tion reaction at position 5 of the pyrrole moiety of hormaomy-
cin. Many FADH,-dependent halogenases have been putatively
identified from DNA sequence data, but functional proof from
biochemical experiments is only available for eight of these
enzymes, and proof from genetic experiments for a further

ChemBioChem 2008, 9, 1992 — 1999
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three.>?28 Qur study now provides functional proof for a fur-

ther halogenase.

For hormaomycin biosynthesis, no experimental data are
available to indicate at which stage of the biosynthetic reac-
tion sequence the halogenation of the pyrrole moiety takes
place. However, investigations on the biosynthesis of pyolu-
teorin in Pseudomonas fluorescens Pf-5 have revealed the
mechanism of the formation of the 4,5-dichloropyrrole-2-car-
bonyl moiety of that molecule (Scheme 2)."® Proline is first
adenylated under catalysis of the prolyl-AMP-ligase PItF, then
transferred to the 4’-phosphopantheteinyl cofactor of the small
acyl carrier protein PItL and finally oxidised by the flavoprotein
PItE to the pyrrole derivative. Subsequently, the FADH,-depen-
dent halogenase PItA catalyses two successive halogenations
at position 5 and 4 of the pyrrole-2-carboxyl-S-[acyl carrier pro-
tein] intermediate. HrmQ shows high sequence similarity with
PItA (Table 1). Notably, both the hormaomycin and the cloro-
biocin biosynthetic gene cluster also contain genes with se-
quence similarity to the prolyl-AMP-ligase PItF, the acyl carrier
protein PItL and the flavoprotein PItE. It appears therefore
likely that in hormaomycin biosynthesis, HrmQ acts on a
pyrrole-2-carboxyl-S-[HrmL] thioester (Scheme 2), although no
biochemical evidence has yet been provided for the HrmQ re-
action.

Detailed evidence is available on the function of the corre-
sponding genes of clorobiocin biosynthesis.”®* In contrast to
pyoluteorin biosynthesis, the formation of clorobiocin involves
the successive attachment of the pyrrole-2-carboxylic acid
moiety to two different acyl carrier proteins, that is, CloN5 and
CloN1, before 5-methylation and transfer to the deoxysugar
(Scheme 2).

We expressed only the halogenase HrmQ, and not the acyl
carrier protein HrmL in the mutated clorobiocin producer
strain. Therefore, our transgenic strain HrmQ is expected to act
on either pyrrole-2-carboxyl-S-[CIoN5] or pyrrole-2-carboxyl-S-
[CIoN1] (Scheme 2). HrmL, CloN5 and CloN1 are of similar size
(91, 89 and 95 amino acids, respectively), and all contain the
characteristic Asp(Asn)-Ser-Leu site for attachment of the 4'-
phosphopantheteinyl cofactor. However, HrmL shares only
29% sequence identity (and 57% sequence similarity) with
CloN5, and no significant sequence similarity with CloN1. This
difference between HrmL and CloN5/CloN1 might be responsi-
ble for the relatively low yield of 5"-chlorinated compounds
obtained in the present study. In the strain that expressed the
halogenase hrmQ, only about 5% of the aminocoumarin anti-
biotics were accumulated in the form of 5"’-chlorinated com-
pounds, while the major part remained in 5"-unsubstituted
form. In contrast, when we inactivated the methyltransferase
genes novO and couO, which are responsible for 8-methylation
of the aminocoumarin moieties of novobiocin and clorobiocin,
and expressed the corresponding 8'-halogenase from the cloro-
biocin cluster in the resulting mutants, more than 75% of the
aminocoumarins were accumulated as 8'-chlorinated com-
pounds.”? In these two cases, the substrates of the halogena-
tion reactions are likely to be identical to those of the methyla-
tion reactions,**** although the Clo-hal reaction has not yet
been demonstrated in vitro.
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It has been speculated that the use of halogenases for com-
binatorial biosynthesis in vivo could be very problematic be-
cause many of the substrates are halogenated only when teth-
ered to an acyl carrier protein (ACP), and the substrate specific-
ity of the halogenases might prevent their action on substrates
bound to a heterologous ACP® Our study suggests that in
vivo halogenation of an ACP-bound substrate by a heterolo-
gous halogenase is possible, and similar evidence has been
provided from an in vitro study with PItA."®

The amino acid sequences of several halogenases that act
on different ACP-bound substrates are extremely similar
(Table 1 and Figure S1). This offers prospects for both combina-
torial biosynthesis and for directed evolution of such enzymes.
In contrast, the FADH,-dependent halogenases acting on free
aromatic substrates show little sequence similarity to HrmQ,
even if they also chlorinate pyrrole moieties (Table 1). These
enzymes are unlikely to accept ACP-bound pyrroles. In our ex-
periment, the mutant strain used for hrmQ expression con-
tained an active halogenase, Clo-hal,"”’ even before the intro-
duction of the hrmQ expression plasmid pLW42. However, by
using LC-MS analysis novclobiocin 124 and 125 could not be
detected in the strain that lacked pLW42; this proves that the
substrate specificity of Clo-hal allowed, as expected, only the
halogenation of the aminocoumarin moiety, and not of the
pyrrole moiety.

Hormaomycin biosynthesis involves not only the 5-chlorina-
tion but also the N-hydroxylation of the pyrrole moiety
(Scheme 1). However, LC-MS analysis of the AcloN6 mutant ex-
pressing hrmQ did not show any N-hydroxylated analogues of
novclobiocin 124 and 125. This suggests that a further enzyme
is required for the N-hydroxylation of the pyrrole moieties in
hormaomycin biosynthesis.

Halogenation is a powerful tool, both in synthetic medicinal
chemistry and in secondary metabolism in nature, to modify
the physical and chemical properties and thereby the bioactivi-
ties of small molecules. With our growing knowledge of the
mechanism of biological halogenations, and the rapidly grow-
ing number of known genes for halogenases with different
substrate specificities, halogenases may become a useful tool
for combinatorial biosynthesis.

Experimental Section

Bacterial strains and culture conditions: E. coli XL1 Blue MRF
(Stratagene) was used for cloning experiments and grown in liquid
or on solid Luria-Bertani medium (1.5% agar) at 37°C.® The
mutant strain S. roseochromogenes var. oscitans (AcloN6) has been
described previously."

Thiostrepton (12 pgmL~' for solid media and 40 pgmL™"' for liquid
media) and carbenicillin (50-100 pgmL™") were used for selection
of recombinant strains.

DNA isolation, manipulation and cloning: Standard methods for
DNA isolation and manipulation were performed as described by
Sambrook and Russell®® and by Kieser et al.*” Isolation of plasmids
was carried out with ion exchange columns (Nucleobond AX kits,
Macherey-Nagel, Diren, Germany) according to the manufacturer’s
protocol.
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Construction of plasmid pLW42: The E. coli-Streptomyces shuttle
vector pUWL201, which contained the ermE* promoter,” was
used for the construction of the expression plasmid pLW42. The
gene hrmQ was amplified by PCR. A Hindlll site was introduced
before the start codon by using primer hrmQ_F (5'-AAGCTTAT-
GAGCGACTTCGACTACGAC-3'). At the Cterminus, an Xbal restric-
tion site was introduced after the stop codon by using primer
hrmQ_R (5'-TCTAGATGGGCGAGCTCAGAAGAGCGG-3’). Bold letters
represent the introduced restriction sites. PCR amplification was
performed in a 50 uL volume with template (600 ng), dNTPs
(0.2 mm), each primer (10 pmol) and DMSO (5%, v/v) with the
Expand High Fidelity PCR system (Roche Molecular Biochemicals):
denaturation at 94°C for 2 min, 24 cycles with denaturation at
94°C for 1 min, annealing at 68°C for 45 s and elongation at 72°C
for 90's, followed by the last elongation step at 72°C for 5 min.
The resulting PCR fragment was cloned into pGEM-T (Promega);
this resulted in pLW41. The plasmid pLW41 was digested with
Hindlll and Xbal and subsequently hrmQ was cloned into the same
sites of pUWL201 to give pLW42.

Transformation: Transformation of S. roseochromogenes (AcloN6)"™
was carried out by PEG-mediated protoplast transformation.®” For
preparation of protoplasts, CRM medium®® was used. Before trans-
formation of the S.roseochromogenes mutant, the recombinant
plasmids were amplified in E. coli ET12567 to bypass methyl-sens-
ing restriction.®?

Production of new aminocoumarin antibiotics: The Streptomyces
strains were cultured as described previously® for seven days at
33°C and 210 rpm. For analytical purposes, bacterial culture (1 mL)
was acidified with HCl to pH 4 and extracted twice with an equal
volume of EtOAc. After evaporation of the solvent, the residue was
redissolved in MeOH (100 pL). After centrifugation, the supernatant
(80 uL) was analyzed by HPLC with a Multosphere 120 RP18-5
column (5 um, 250x8 mm, C&S Chromatographie Service, Duren,
Germany) at a flow rate of 2 mLmin~". A linear gradient from 60%
to 100% solvent B (solvent A=H,0/HCOOH 99:1; solvent B=ace-
tonitrile/HCOOH 99:1) over 30 min was used. UV detection was car-
ried out at 340 nm. Authentic clorobiocin (Aventis) was used as
standard.

For preparative isolation of the products, cells were cultured as
described above by using a total culture volume of 3.75 L. The an-
tibiotics were isolated as described previously.””’ Novclobiocin 124
(1.5 mg) and novclobiocin 125 (0.5 mg) were obtained.

Structure elucidation: Positive electrospray ionisation (ESI) mass
spectra were obtained from a Finnigan TSQ Quantum instrument
(electrospray voltage 3.8 kV; heated capillary temperature 320°C;
sheath and auxiliary gas: N,; sheath gas flow rate: 30.1 AU; aux
gas flow rate: 12.0 AU) that was equipped with a Supersphere 100
RP 18 endcapped column (4 pm, 2x150 mm, Merck). For HPLC
separation a H,O/acetonitrile gradient (each contained 0.1%
HCOOH) ranging from 0% acetonitrile to 50% acetonitrile over
20 min was used, followed by elution with 100% acetonitrile for
5min and equilibration with 100% H,O (that contained 0.1%
HCOOH) for 4 min; the flow rate was set to 0.2 mLmin~". The colli-
sion-induced dissociation (CID) spectra during the HPLC run were
recorded with collision energy + 20 eV, collision gas argon, and col-
lision pressure of 1.0x 1072 Torr (133 MPa).

The "H NMR spectra were measured by using an Avance 400 spec-

trometer (Bruker, Karlsruhe, Germany, 400 MHz) with CD,0D as sol-
vent.
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Clorobiocin: 6=7.76 (d, J=2.5Hz; H2), 6.84 (d, J=8.4 Hz; H5),
7.72 (dd, J=8.4 Hz, 2.5Hz; H6), 3.34 (d, J=7.1 Hz, 2H; H7), 5.35
(brt, J=7.1 Hz; H8), 1.74 Hz (s, 3H; H10), 1.75 (s, 3H; H11), 7.90 (d,
J=9.2 Hz; H5'), 733 (d, J=9.2 Hz; H6'), 5.73 (d, J=1.8 Hz; H1"),
434 (t, J=2.7 Hz; H2"), 5.71 (dd, J=10.0 Hz, 3.0 Hz; H3"), 3.72 (d,
J=10.3 Hz; H4"), 1.18 (s, 3H; H6"), 1.35 (s, 3H; H7"), 3.52 (s, 3H;
H8"), 6.90 (d, J=3.6 Hz; H3""), 5.94 (brd, J=3.6 Hz; H4""), 2.29 ppm
(s, 3H; H6™).

Novclobiocin 124: 6 =7.71 (H2), 6.81 (H5), 7.71 (H6), 3.33 (2H; H7),
5.34 (H8), 1.72 (6H; H10, H11), 7.86 (H5’), 7.20 (H6'), 5.70 (brs; H1"),
4.34 (brt; H2"), 5.72 (brd, 10.5 Hz; H3"), 3.71 (d, 10.5 Hz; H4"), 1.18
(s, 3H; H6"), 1.34 (s, 3H; H7"), 3.50 (s, 3H; H8"), 6.96 (d, 3.8 Hz;
H3"), 6.12 ppm (brd, 3.8 Hz; H4"").

Novclobiocin 125: 6 =7.71 (H2), 6.80 (H5), 7.71 (H6), 3.33 (2H; H7),
5.34 (H8), 1.72 (6H; H10, H11), 7.88 (H5"), 7.19 (H6), 5.78 (brs; H1"),
540 (brt; H2"), 445 (brd, 10.6 Hz; H3"), 3.54 (d, J=10.6 Hz; H4"),
1.18 (s, 3H; H6"), 1.34 (s, 3H; H7"), 3.64 (s, 3H; H8"), 6.95 (d, J=
3.7 Hz; H3"), 6.13 ppm (brd, J=3.7 Hz; H4"").

Antibacterial activities: The antibacterial activities of the new
compounds were tested against Bacillus subtilis ATCC 14893 in a
disc diffusion assay as described previously.*” Authentic clorobio-
cin was used as comparison. The activities were quantified from in-
hibition zone diameters and expressed relatively to clorobiocin.

Sequence information: The nucleotide sequence of the gene
hrmQ was deposited in the GenBank database under accession no.
EU583477.
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SAR by Oxime-Containing Peptide Libraries: Application to

Tsg101 Ligand Optimization

Fa Liu,® Andrew G. Stephen,” Abdul A. Waheed,'” M. Javad Aman,® Eric O. Freed,"

Robert J. Fisher,”™ and Terrence R. Burke, Jr.*?

HIV-1 viral assembly requires a direct interaction between a Pro-
Thr-Ala-Pro (“PTAP”) motif in the viral protein Gag-p6 and the
cellular endosomal sorting factor Tsg101. In an effort to develop
competitive inhibitors of this interaction, an SAR study was con-
ducted based on the application of post solid-phase oxime for-

Introduction

Chemical modulation of protein—protein interactions can offer
potential new approaches to therapeutic development.'™
However, designing binding antagonists starting from peptides
and peptide mimetics modeled on consensus recognition se-
quences may suffer from a lack of detailed solution NMR or X-
ray crystallographic data.""” Where the binding interactions of
amino acid residues with the target protein are not known, a
stepwise structural exploration along the ligand backbone can
be undertaken. One way to achieve this is by inserting at dis-
crete points, amino acids such as L-2,3-diaminopropionic acid
that contain latent reactive handles amenable to library elabo-
ration following the conclusion of peptide synthesis."? This
tactic of delayed diversification allows a more facile generation
of libraries than would be possible by constructing the pep-
tides using collections of individually preformed amino acids.
To facilitate this type of peptide modification, we have recently
prepared orthogonally protected hydrazide and aminooxy-con-
taining a-amino acids that can be incorporated into peptides
using standard solid-phase Fmoc chemistries. Subsequent post
solid-phase library diversification can be achieved by reaction
with collections of aldehydes.>""*

In the current paper, we extend this approach by sequential-
ly examining each residue of a target peptide via a library of
oxime derivatives. This is achieved through the initial solid-
phase synthesis of a series of peptides in which each amino
acid of the parent sequence is replaced by one or more amino-
oxy-containing residues. Following cleavage of the peptides

R
i
o N oN
; R—CHO g
= Aaa? — Xxx — Aaa'~ - Aaa? — Xxx — Aaa’
aa ; 33" "AcOH, DMSO aa N aa

HPLC-purified
aminooxy-containing peptide

(>90% pure)

Scheme 1. Oxime-based library approach.
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mation involving the sequential insertion of aminooxy-containing
residues within a nonamer parent peptide followed by reaction
with libraries of aldehydes. Approximately 15-20-fold enhance-
ment in binding affinity was achieved by this approach.

from the resin and HPLC purification, each aminooxy-contain-
ing peptide (1, Scheme 1) is reacted individually with a range
of aldehydes to vyield libraries consisting of functionalized
oximes appended from the peptide backbone by tethers of
various length. We have found that the resulting peptide libra-
ries (2) are sufficiently pure (>90%) for direct biological evalu-
ation.

Viral budding represents a promising but unexploited pro-
cess for antiretroviral inhibitors."®"® In order to examine a resi-
due-by-residue oxime library scan on a potentially important
peptide target, we focused our attention on a critical sequence
involved with the budding of HIV-1. In the case of HIV-1, bud-
ding requires a direct interaction between a Pro-Thr-Ala-Pro
(“PTAP") motif in the viral protein Gag-p6 and the cellular en-
dosomal sorting factor Tsg101." Inhibition of this Gag-Tsg101
interaction may provide the basis for a new class of AIDS
therapies."””?” Tsg101 binding data for a series of peptides
containing the “PTAP” sequence showed that the nonamer
sequence “P'E’P°T*A°P®P’E®E®” retains modest binding affinity
(K4~50-60 pm).2"" NMR solution studies of a “PEPTAPPEE” pep-
tide binding to Tsg101 have indicated accommodation of the
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Oxime Peptide Libraries

A°P® side chains within a distinct pocket.?>?*! This suggested

recognition features shared by SH3 and WW domains for pro-
line residues.”” However, replacement of the key proline resi-
due with N-alkylglycines (“peptoids”) or related constructs"™
did not increase binding affinity to the extent expected based
on literature precedence.” Replacing the A°® residue with a va-
riety of amino acids also failed to significantly improve binding
affinity.”® The ambiguous nature of the binding interactions of
the parent nonamer supported the undertaking of a systematic
examination of each residue using an oxime library approach.

Results and Discussion

The protected aminooxy-containing amino acid analogues 3-
7141 (Scheme 2) were used to prepare twelve parent peptides
(8-19, Table 1) by standard solid-phase Fmoc chemistries. Re-

Boc. .H R. .H
W e o ) )
_N. oc. .
Mttt O I}J ®) O,
COH H CO,H n O\
N CO,H N CO,H
N N | |
H Fmoc H Fmoc Fmoc Fmoc
3 4 5 6: R = Boc
7: R=Mtt

Scheme 2. Protected aminooxy-containing amino acid reagents.

Table 1. Aminooxy-containing parent peptides.”
No Peptide sequence Aminooxy-Residue®™
8 FITC-Ava-PEPTAPPEE trans-4-aminooxy-Pro (6)
9 FITC-Ava-PEPTAPPEE cis-4-aminooxy-Pro (5)
10 FITC-Ava-PEPTAPPEE 4-aminooxy-Abu (4)
1" FITC-Ava-PEPTAPPEE trans-4-aminooxy-Pro (6)
12 FITC-Ava-PEPTAPPEE cis-4-aminooxy-Pro (5)
13 FITC-Ava-PEPTAPPEE 3-aminooxy-Ala (3)
14 FITC-Ava-PEPTAPPEE trans-4-aminooxy-Pro (6)
15 FITC-Ava-PEPTAPPEE cis-4-aminooxy-Pro (5)
16 FITC-Ava-PEPTAPPEE trans-4-aminooxy-Pro (6)
17 FITC-Ava-PEPTAPPEE cis-4-aminooxy-Pro (5)
18 FITC-Ava-PEPTAPPEE 4-aminooxy-Abu (4)
19 FITC-Ava-PEPTAPPEE 4-aminooxy-Abu (4)
[a] Bold underlined indicates residue replaced by aminooxy-containing
surrogate. [b] Protected reagent used to insert the aminooxy-containing
residue.

placement of T* was by 3-aminooxy-Ala (3); glutamic acid resi-
dues were replaced using 4-aminooxy-aminobutyric acid (4),
and proline residues were replaced using the 4-aminooxy-Pro
derivatives 5-7 as indicated in Table 1. The A’ residue was left
unaltered.” In order to facilitate binding analysis using fluo-
rescence anisotropy, the N terminus of each peptide was la-
beled with fluoresceine isothiocyanate linked by a 5-aminova-
leric acid spacer (FITC-Ava-)."¥ For the HPLC purified parent
aminooxy-containing peptides (8-19), a library of oxime deriv-
atives was generated by reacting with a series of commercially
obtained aldehydes (a-I, Table 2). The resulting oxime-contain-

ChemBioChem 2008, 9, 2000 - 2004
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ing peptides were sufficiently pure (>90%) for direct Tsg101
binding studies as summarized in Table 2.

All parent peptides having free unreacted aminooxy groups,
(except 14 and 15, which involved replacement of the critical
PS residue) retained binding affinities similar to the wild-type
nonamer. This indicated that introduction of the aminooxy
groups did not significantly disrupt native binding interactions
and that the aminooxy-containing peptides provided suitable
platforms for further SAR studies. Peptides 11 and 12, having
trans and cis substituted 4-aminooxy-proline residues at the P?
position, showed markedly different K; values (68 um and
214 um, respectively). Oxime scans of these two peptides
(11a-1 and 12a-I) provided a wide range of binding affinities.
Peptide 11 (Ky=3.3 um) exhibited a binding enhancement of
15-20 fold relative to the wild-type peptide (Ky~50-60 um). In
contrast, the P° position was intolerant to modification. Both
the parent aminooxy peptides 14 and 15 as well as all oxime
derivatives 14a-l and 15a-l, exhibited significantly diminished
binding affinities. These results are consistent with our finding
that modification of the P® pyrrolidine ring by insertion of F, N,
or O substituents adversely affects binding.””

Although replacement of T* with an unsubstitued aminooxy-
containing residue (peptide 13, K;=64 pm) retained the bind-
ing affinity of the parent wild-type nonamer, further modifica-
tion by oxime derivatization (peptides 13a-131) decreased the
binding affinity. This potentially indicates that a free amino or
hydroxyl group is needed at this site, possibly to serve as a
hydrogen-bond donor. The positions P' (8a-l and 9a-I), E2
(10a-1), P’ (16a-1), and E® (18a-1) were relatively insensitive to
structural modifications. However, in some cases up to fivefold
binding enhancement could be achieved (for example, 9 f, 10i,
16f, 16i, 16j, 18¢c, 18g, and 18i). Interestingly, both of the
parent peptides 16 and 17 having unsubstituted trans and cis
4-aminooxyproline-residues at the P’ position, exhibited similar
binding affinities (43 pm and 55 um, respectively), yet only
oxime deriviatives of 16 resulted in higher affinity. Modification
of 17 did not benefit binding. Changes at the E° position
(19a-1) also had little effect on binding. These data are sum-
marized graphically in Figure 1 as fold change in Tsg101 bind-
ing affinity.

As the 3,4-dimethoxybenzyl oxime-containing peptide 11j
showed a 15-20-fold binding enhancement relative to the
wild-type nonamer sequence, a more focused library was pre-
pared by reacting 11 with ten benzaldehydes containing one
or more hydroxyl or methoxyl groups.”® It was found that al-
though 3-methoxy substituents contributed more to binding
enhancement than 4-methoxy substituents, the original 3,4-di-
methoxy-containing 11j exhibited the highest affinity of the
series.

Using 11j as a starting point, the P’ and E® sites were
chosen for secondary modification. This was based on the fact
that these locations were among the farthest removed from
P3, the site of oxime derivatization in 11j. In order to withstand
the 90% TFA conditions necessary to cleave peptides from the
solid-phase resin, the P* oxime bond in 11j was replaced by an
amide bond to yield peptide 20 (Scheme 3). This was accom-
plished using methyltrityl-protected reagent 7, which was de-
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Table 2. Tsg101 binding to oxime-containing peptide libraries.®!
Modified residue p! E2 T (A%)PS pid 8 E°
parent peptide 8 9 10 1 12 13 14 15 16 17 18 19
Aldehyde'
- (no aldehyde) 37 56 22 68 214 64 nb. n.b. 43 55 47 79
NN-CHO 45 23 24 24 88 246 n.b. n.b. 4 42 28 132
b HOOC ¢ 53 62 15 92 188 n.£0 n.b. n.b. 27 75 28 56
CHO
C ©/V 50 42 19 34 24 nf. n.b. n.b. 26 83 18 77
07N
d — CHO 45 44 20 42 16 400 n.b. n.b. 30 48 25 78
e @CHO 38 19 29 33 16 nf. nb. nb. 26 64 23 88
X~ CHO
f m 54 14 39 51 15 n.f. n.b n.b 13 58 26 107
\
g /N CHO 35 105 17 19 58 nf. n.b. n.b. 17 42 13 124
h OM‘@*CHO 41 74 16 17 156 n.f. n.b. n.b. 21 91 28 82
HO,C CHO
i D/ 18 23 n 27 71 n.f. n.b. n.b. 16 93 18 89
HO
MeO CHO
j D/ 42 38 21 33 121 n.f. n.b. n.b. 16 14 20 54
MeO
FF
k FQCHO 42 20 27 46 177 nf. nb. n.b. 32 139 21 33
F F
O CHO
| @_/ <:> 54 23 26 95 87 nf. nb. nb. 30 545 35 55
[a] Numerical data represent K, values [um] obtained as indicated in ref. [13]. [b] Wild-type peptide FITC-Ava-PEPTAPPEE-amide Ky~50-60 um. [c] Data pre-
viously reported in ref. [14]. [d] Aldehyde used to form the indicated oxime-containing peptide. [e] n.b.=no binding. [f] n.f.=no fit, suggesting weak bind-
ing (K4 > 500 um).

20
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&
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Fold change in Tsg101 binding affinity

-15

<-20—

. " L L i N N .y L ) L
®-P' |(5).P'| E? |gm-P3I (5)-P°| T |A5[H}P"| AE{S)-PEI (mrP’l(s)-P’l E? |E5I I

Location of modified residue

Figure 1. Graphical depiction of maximum effects on Tsg101 binding affinity
achieved by modification of each residue of the wild-type sequence.
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protected on the resin and acylated with 3,4-dimethoxybenoic
acid active ester. A similar hydrolytically stable version of 16j
(peptide 21) was prepared.

Both 20 and 21 exhibited an approximately threefold loss of
binding affinity relative to their parent oximes (20, Ky=9 um;
21, Ky=41 pum). Bis-aminooxy-containing peptides 22 and 23
were prepared (K3=28.9 um and 12 pm, respectively) and oxime
libraries were generated from a selection of aldehydes deter-
mined by previous oxime binding data. Most of these “bi-
modified” peptides exhibited a slight increase in binding affini-
ty, with peptide 24 showing the greatest increase (Ky=3.1 um;
fourfold relative to 23).2%

Conclusions

In summary, an SAR study was conducted based on the appli-
cation of post solid-phase oxime formation and utilizing ami-
nooxy-containing residues substituted in a nonamer parent
peptide. Approximately 15-20-fold enhancement in binding af-
finity was achieved by this approach. The methodology may
be broadly applicable for peptide ligand optimization, especial-

ChemBioChem 2008, 9, 2000 — 2004
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Scheme 3. Structures of Tsg101-binding peptides.

cat. no. 01-64-0060) using standard Fmoc solid-phase protocols.
1-Hydroxybenzotriazole (HOBT) and N,N'-diisopropylcarbodiimide
(DIC) were used as coupling reagents for primary amines (single
coupling, 2 h); Except as noted below, bromo-tris-pyrrolidino-phos-
phonium hexafluorophosphate (PyBroP) was used for coupling of
secondary amines (double coupling, 2 h). Coupling of Fmoc-trans-
Peptide synthesis: Peptides were synthesized using commercially ~ 4-hydroxyproline-OH, Fmoc-cis-4-hydroxyproline-OH and Fmoc-
available Fmoc protected proline derivatives. Peptides were syn-  trans-3-hydroxyproline-OH was conducted by using 2-(1H-benzo-
thesized on NovaSyn®TGR resin (purchased from Novabiochem, triazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate

ly in the early stages of SAR development where a three-di-
mensional knowledge of protein-ligand interactions is lacking.

Experimental Section

ChemBioChem 2008, 9, 2000 - 2004 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 2003
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(HBTU) and HOBT (single coupling, 2 h); followed by masking the
hydroxyl group with trityl chloride (TrtCl) (10 equiv) and DIPEA
(12 equiv) in DCM/DMF (1:1) at RT (repeated once, 1 h each). The
final coupling step was conducted using fluoresceine isothiocya-
nate (5.0 equiv) and N,N-diisopropylethylamine (DIPEA) (5.0 equiv)
in NMP (overnight). The resin was washed (DMF, MeOH, DCM and
Et,0) then dried under vacuum (overnight). Peptides were cleaved
from the resin (200 mg) by treatment with trifluoroacetic acid/tri-
isobutylsilane/H,0 (90:5:5; 5 mL, 4 h). The resin was removed by
filtration and the filtrate was concentrated under vacuum, then
precipitated with Et,0, and the precipitate was washed with Et,0.
The resulting solid was dissolved in 50% aqueous acetonitrile
(5mL) and purified by reversed-phase preparative HPLC using a
Phenomenex C18 column (21 mm @x250 mm, cat. no: 00G-4436-
P0) with a linear gradient from 0% aqueous acetonitrile (0.1% tri-
fluoroacetic acid) to 80% acetonitrile (0.1% trifluoroacetic acid)
over 35 min (flow rate of 10.0 mLmin~", detection at 220 nm). Lyo-
philization provided products as yellow powders.

Post solid-phase diversification: A mixture of HPLC-purified ami-
nooxy-proline containing peptide (8-19; 15 mm in DMSO, 10 pL),
aldehdye (a-l; 15 mm in DMSO, 10 uL), and acetic acid (70 mm in
DMSO, 10 uL) was gently agitated at room temperature (over-
night). Examination by HPLC showed the reactions had gone to
completion to produce oxime products in higher than 90% purity.
Crude reaction mixtures were used directly for biological evalua-
tion.
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